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BBenenue

brnaromapss TOSIBICHUIO CYNEPKOMITBIOTEPOB ObUT CAENaH OOJBINONW Iar B
Pa3BUTHHU YHUCIEHHBIX METOJIOB PEIeHHs cTarimoHapHoro ypaBHeHus Lllpequnrepa, Ha
OCHOBE KOTOPOT'O C BEICOKOW TOUHOCTBIO MOTYT OBITh HallJIEHBI JTIOKATBHBIC IKCTPEMYMBbI
Ha TOBEPXHOCTH moTeHInaibHoN 3Hepruu (I1I1D) B3amMomelcTBYIOMMX aTOMHO-
MOJIEKYJISIpHBIX cucTeM [1-3]. Taxske mpou30IUI0 Pa3BUTHE MATEMATHYECKUX [TAKETOB, B
KOTOPBIX HUCIOIB3YIOTCS METOJbI CTATUCTUYECKOW (DPM3HMKHU JIJII HaXOXKJICHUS KOHCTaHT
CKOpOCTEH peakIuii MU KOJIMYECTBEHHOTO OIPEACIICHUS] OTHOCUTEIIbHBIX BBIXOJIOB
nojy4aeMbIX MpoAykToB [4,5]. DT0 mOCmocoOCTBOBAIO PACKPBITHIO MEXaHHU3MOB H
KUHETUKU PEaKIHi, MPOTEKAIOINX B 3KCTpEeMalibHbIX ycioBHsiX. C MOMEHTa Hayaja
M3Y4YEHUs TOJMIMKINYECKUX apoMaTthueckux yriaeBomopoao (ITAY) Bmecte ¢ ux
(me)ruapupoBaHHBIMH, 3aMEIIEHHBIMU ¥ MOHU3WPOBAHHBIMHM aHAJIOTaMH B KaueCTBE
HEJIOCTAIOIIETO 3BEHA MEXK/Ty HEOOIBIIMMU YTIIEPOAHBIMU KilacTepaMu, (QyJsiepeHamMu u
YTJIEPOA0COEPKAIMMHI HAHOYACTUIIAMU (MEX3BE3IHBIMU 3€pHAMU, YaCTUIIAMU CaXkKH)
[6,7] nocTMrHyT 3HAUMTENBHBIA TpOrpecc B MOHUMAHUKM  (DYyHIAMCHTAJBHBIX
MEXaHU3MOB UX 00pa3oBaHusi B Mex3Be3HOM cpenie (M3C), B 6GoraThixX yriieBo10pogaMu
aTMocdepax IJIaHET U UX CIIyTHUKOB, B CHUCTEMax TOPEHHUs] U B MATEPUAJIOBEICHUU B
cooOIecTBax CHEIUAIMCTOB, paboTalomux B 00dacTaX (U3MYECKOH XUMHH,
acTpOXMMHUH, TuIaHerosorud u rTopenus [8]. TIAY ompenmenstorcs Kak —Kiacc
YTJIEBOJOPOJIOB, TO €CTh OPraHUYECKUX COCMHEHUM, Colep KalluX YIiiepoa U BOJOPO
U COCTOSIIIUX M3 MHOXECTBA, YAaCTO CIUTHIX apOMATUYECKHX KOJIEIl, B KOTOPBIX
T-2JICKTPOHBI Jieiokanm3oBanbl. K mpumepy, Hadtammu (CioHg) m wmumen (CgHsg)
MPEACTABISIIOT COOOM  MpOCTEHIre HW30MEPhl  JABYXKOJIBLIEBBIX apOMaTHUUYECKUX
COCIMHEHUM C MIECTU- UM MSATUWICHHBIM KOJIBIIOM, KOH/IEHCUPOBAHHBIM C OCH30JIbHBIM

(dhparMeHTOM.

[Ipennonaraercs, uto I[TAY o0pa3yroTcs B pe3yibTare pocTa W3 HEOOJBIITNX
apoOMaTUYECKUX MOJIEKYJ, TAKUX KaK OCH30JI ¥ TONyosl. MexaHu3M “OTpbIB BOJAOPOJA —
npucoenuaenne yriaepoga (HACA)” [9] Owin mepBoHAaYajdbHO TPUBJICUEH IS

npenckaszanus coaepxkanus [TAY B obGomoukax 3Be3n [10]. B mocnemnee Bpemst Ha
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OCHOBE 3KCIIEPUMEHTAJIbHBIX U PACUETHBIX JAHHBIX OBLI MPEJIOKEH IENbIN s HOBBIX
pEaKUMOHHBIX MyTed, Benymmx K ykpynHenuro [IAY. B ommumn or HACA, roe k
(beHmTy MocneoBaTeIbHO MPUCOETUHSIOTCA JBE MOJIEKYJIbl alleTUJIeHa, MPEeXIe YeM
oOpasyercst nByxkoinbiieBo [TAY, B HOBOM Mexanmzme [11] “oTphiB Bomopoma —
npucoenunenne BuHwianeruwieHa” (HAVA) a8 3Toro  10oCTaTOYHO — OFHOTO
CTOJIKHOBeHMsI ¢ Mousekyiod BunwianetwieHa CsHs. Kpome HACA u HAVA
CYLIECTBYIOT M JpyrH€ M3BECTHBIE K HACTOSIIEMY BpEMEHH MexaHu3Mbl pocta [IAY,
Takde Kak ‘“‘mooOaBinenue (enmna—aeruaporukamzanus’ [12] (PAC), “pamukan—
pamukanbHble  peakuumun”  (RRR),  “mobaBieHue  METHIIMIMHA—IIAKIM3AIS—
apomatuzauus’ (MACA). Iloucku HOBBIX PEAKIMOHHBIX IyT€H, BEAYLIUX K POCTY

MoJieKyJisipHOi Macchl [TAY, mpoaomkaoT BeCTUCh BO MHOTUX J1a00PAaTOpUsIX MUpA.

ITAY, kak 1 UX METUJIMPOBAHHBIE aHAJIOTH, OB OOHAPYKEHBI B YIJIEPOIUCTHIX
XOHJIpUTaX, Takux Kak Anbenne, Oprein u MepunHcoH. Macc-ClieKTpoMeTpus ¢
nasepHOl JecopOuuel M maszepHoil MHOrodoToHHON HMoHm3armeil (L2MS), a Taxke
m3otonHbM aHamm3oM D/H n BC/*C mereopuTHBIX yIiieBOIOPOIOB TOKA3HIBAET, UTO
ATH apOMaTUYECKUE COEAMHEHUS MpUHaaiexat K nomyssimu [TAY, cuHTe3npoBaHHbIX
B OKOJIO3BE3JIHBIX O000JI0OYKaX OOraThIX YTJEpOJOM 3BE3]] ACUMIITOTHYECKON BETBU
ruraiToB (ABI') v miaHeTapHBIX TYMaHHOCTSX, SIBJIIOIIUXCSA IMOTOMKaMu 3Be3n [13].
[Ipennonaraercs, uto IIAY wmorytr oxBatbiBath 10 20% yriepogHoro OajaHca B
KOCMHYECKOM MPOCTPAHCTBE U JCUCTBYIOT KAaK CBS3YIOIIEE 3BEHO MEXIY PE30HAHCHO
CTaOMIU3UPOBaHHBIMUA CcBOOOAHBIMU pajukaigamMu (PCCP), TakumMu Kak mpomnaprui
(CsHs), apomatuueckumu paaukanamu (AP), denmn (CsHs) v yraepoacoaepxanmmu
HaHovacTUIlaMHU. AcTpoHOMUYeckre Mozenu dhopmupoBanus [TAY npeanonaratoT, 4To
WX BHEIpPEHHE U3 yriepoaHbix 38e31 B M3C amurcs B cpeanem 10° net, uTo HamHOro
Gonble, yeM 0ObIYHOE BpeMs ku3Hu IIAY, cocrapmsomee 10® ner, kotopsle Moryt
pa3pyliaThcs B pe3yJibTaTe BO3AEUCTBUS (POTOHOB, FATaKTUYECKUX KOCMUYECKUX JIyde
U ynapHbix BojH. OcHoBHOUM uctouHuk [TAY Ha 3emie ObL1 MACHTUGHUIIMPOBAH Kak
MUPOTCHHBIA B XOJ/I€ €CTECTBEHHOI'O M aHTPOIIOTCHHOI'O TOPEHUs YIIIeBOI0poaoB [14].

Ot n0O0YHBIE TMPOAYKTHI MPOLIECCOB HEMOJIHOTO CrOpaHUs YrIeBOJOPOAHBIX TOIIMB
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TOKCHYHBl M CUMTAIOTCS CEPHE3HBIMU 3arpsA3HUTEISIMU OKPYXKAIOIIEH CpEeAbl, 4acTo
KaHIIEpOreHHbIMU. MI3BECTHO, YTO KaTa- U nepuKkoHaeHcupoBanHbie [TAY, cocTosmue u3
HIECTUWIEHHBIX  CIUIABJIEHHBIX  OCH30MJHBIX  KOJEll, BBIAEPKUBAIOT BBICOKUE

TemIiepaTtypsl cpez ropenus Boiie 2000 K.

OyHIaMeHTaIbHBIE MEXaHU3Mbl 00pa30BaHUsl apOMATUYECKUX CTPYKTYp BCerja
NPECTaBIsUId MHTEpEC ISl COOOIIeCTBa XMMHKOB-OPTraHUKOB, MOCKOJIbKY OHHU JAOT
MPEICTaBICHUE O PEAKIIMOHHOM CIOCOOHOCTH, IMpolleccax paspbiBa CBA3M U CHHTE3E
PACIIMPEHHBIX TT-CONPSKEHHBIX CUCTEM C YYACTHEM ALlUMKIMYECKUX PEAIIECTBEHHUKOB
C IIMPOKUMH MPUMEHEHHUSIMH B KaueCTBE CTPOUTENBHBIX OJIOKOB AJII MOJIEKYJISIPHBIX
HAHOIIPOBOJIOB, YTJIEPOJHBIX HAaHOTPYOOK W rpadena [15]. M3ydeHue MmexaHH3MOB
0o0pa3oBaHUsl APOMATUYECKUX MOJIEKYJ B 3KCTPEMaJbHBIX YCIOBUSIX B OCHOBHOM
IIPOBOAUTCS NP PACCMOTPEHUM B3aMMOJEHCTBUM IPEAIIECTBEHHUKOB apPOMAaTUYECKUX

COCIMHEHUH B MOJICIIbHOM I1aMeHH [16].

Ocoboe BHMMaHME TaKKE  YAEISETCS  PEAKIHOHHBIM  CIIOCOOHOCTSM
WHTEPMENNATOB, COAEPKAIUM OCHOBHBIE 3JIEMEHTBI NOATPYIIIBI YIJIEPOJA, TAKHE KAK
yraepon (C), kpemuuii (Si) u repmanuii (Ge), KOTOpble HUMEIOT YEThIPE BaJEHTHBIX
anextpoHa. Cummerpuunblii stunen (CoH,), uMerormii Sp?-rubpuan3anuio, SBiIseTcs
IJIOCKOM CTPYKTYpOM M IpPEACTaBIsieT cOOOW riao0aibHbIE MUHMMYM Ha MOBEPXHOCTU
noteniuanbHon sHeprun (I1I13). TepmonuHamudecku crabusbHas 4acTHUIA TUCHIICHA
(SizH4) umeer Toueunyro rpymmy Cap, MPUH 3TOM KKIABIA U3 JABYX aTOMOB KPEMHHSI
HAXOJUTCS B COCTOSHUH sp -rubpuausamuy. CTabuabHas yactuna gurepmena (GeyHy)
TaKk)Xe OTHOCUTCA K TouedHou rpymme Cop M COAEPKUT JBa (PparMeHTa repMaHus, B
KOTOPBIX KaXblil aTOM I'epMaHMs TakKe HAXOJUTCA B COCTOSHUH SP -THOPHIM3AIINH.
[TokazaHo, yTO KpeMHHUI M repMaHuil (B pe3KOM KOHTpAcTe C YriepoioM) MOYTH He
0o0pa3yloT JBOWHBIC CBSI3M KPEMHUN-KPEMHUI/Te€pPMaHUN-TEpMAaHUM WU3-32 OOJIBIINX
KOBAJIEHTHBIX PaJInyCOB JaHHBIX aTOMOB, KOTOPBIE HE MTO3BOJISIIOT aTOMHBIM 3 PZ- 1 4pz-
opOuTalIAM COMMXKAThCA I O0Opa30BaHMS T-MOJIGKYJISIpHBIX opOuTaneit. IloTtomy
BAXHBIM [IJII HCCICAOBAaHUS SIBISIETCS PACCMOTPEHHE PEAKIUNA B3aUMOJICUCTBUSA

MPOCTEHIINX YIJIEBOJOPOJHBIX PAIUKAIOB C CHUJIAHOM W TEPMAaHOM, OOpa3yroIIMX
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KPEMHUI- U TepMaHUAOPraHUUYECKUE COSTUHEHUSI, KOTOPbIE TTO3BOJIAT OOJIbIIIE Y3HATH O
pPEAaKLMOHHBIX  CIIOCOOHOCTAX  MOJIYMETAJUIOB, 4YTO OyJer BOCTpeOOBaHO B

MUKPOIJICKTPOHUKCE.

AKTYaJlbHOCTH PadoThI

Peakiuu 31€MEHTOB MOATPYIIIBI  YIIepoAa BCErAa SBIBUIMCH MPEIAMETOM
rJIyOOKOrO W3ydYeHHsI B OPraHMYECKOW W HEOPraHMYECKOW XUMHUHU 3KCTPEMalIbHBIX
COCTOSIHUM, YTO CBSI3aHO C HAJIMYHEM y HHUX CHIIbHBIX KOBAJICHTHBIX CBsI3CH, a Kak
CIICJICTBHE M BBICOKHX TEMIIEPATYp TUIABIICHUS U KUTICHUs. B3anmoieiicTBrue Booposa ¢
yIJIepoIoM 00pa3yeT IMUPOKHUI CIEKTpP YrJIeBOIOPOIHBIX COCAMHEHUH, SBIISIFOIIUXCS
(byHIaMEHTAIBHOW OCHOBOU OPraHUYECKOW XUMUH. YTIEBOIOPOIbI AKKYMYIHPOBAHEI B
OCHOBHOM B Pa3JIMYHBIX THUIAX UCKOMACMBIX TOIUIMB M CIYXaT B KA4eCTBE MCTOYHHUKA
DHEPrUM, BBIICISIONICHCS B IMpOIecce MX CKUTaHusA. Kpome Toro, yrieBoIOpOIHbBIC
COCTMHCHUSI TPHCYTCTBYIOT Ha pa3lMYHBIX KOCMHYECKHX OOBEKTaX: acCTEPOH/IBI,
KOMETBI, TUIAHEThI, 001acTH 3Be371000pa3oBanus U T.1. [17]. MexaHU3MbI ¥ CKOPOCTH
NIPOTEKAHMS PEaKIUil YrIIEeBOJOPOIOB OCTAIOTCS IUIOXO M3YUYECHHBIMH, B OCOOCHHOCTU
TeX, KOTOPbIE MPOTEKAIOT B AKCTPEMATBHBIX YCIOBHAX (BBICOKHE TEMIIEpaTypbl M
BBICOKHE JIABJICHUS B YCIIOBHSIX TOPEHHSI UM CBEPXHHU3KUE TEMIIEPATyphl U JaBJICHUS B
YCIOBHSX MEXK3BE3IHOrO rasza) [6,9].

Bo MHormx mabopaTtopusx MHUpa TPOBOIATCS HCCIICIOBAHHMS MEXaHHU3MOB U
KAHETUKU PEaKIUi pocTa MONUIMKINIECKUX apoMaTH4ecKuX yrieonopoaoB ([TAY),
TaKUX Kak OcH30l, OeH3W1 W WHICHWI B Oosiee kpymHbie [IAY, HaneneHHbie Ha
MOJTYYCHHE JIETATLHOW HH(POPMAIIUU O MEXaHU3MaX peaKIui, SHEPTeTUKE PEAKIIMOHHBIX
KaHAJIOB, KHHETUYCCKUX KOHCTAHTaX, KOTOPbIC paHee He ObUIM TOJIYYCHbI WM OBbLIH
HETIOJIHBIMU, YTO CHJIBHO YCJIOXKHSUIO MOHMMaHue KUHeTuku [TAY u caxxu B ropeHHH
[18]. DOkcmepumeHTanbHOE ucclenoBaHue peakiuii pocra [IAY  sBisercs
3aTPYJHUTEIBHBIM B CBSI3U CO CJIOKHOCTSIMU BOCIIPOHM3BEICHHUS YCIIOBUI UX TIPOTEKAHUS
(T > 1500 K). Kak mpaBuiio, mexanu3mbl peakiuid [IAY BKITIOYAIOT B ce0s1 HECKOIBKO
PEAKIIMOHHBIX MYTEH, MPOXOAIINX Yepe3 MHOKECTBO MPOMEKYTOUHBIX U MEPEXOTHBIX

COCTOSTHUM (JIOKAJIbHBIE DKCTPEMYMBbI Ha MOBEPXHOCTHU MOTeHIManbHOM sHepruu (11119)
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peaknuu). TONBKO HE3HAYUTENbHAS] YacTh MPOMEKYTOUHBIX KOMILUIEKCOB IMOAACTCS
DKCIIEPUMEHTAILHOMY M3y4eHHIO. B mociemHue  JgecsaTuiaeThss  Habmomaercs
CYIIECTBEHHBIH TPOrpecC B Pa3BUTHH KBAHTOBOMEXAHMUYECKHX PACUETHBIX METOJIOB,
MO3BOJISIIOIIUX HAXOAUTHh CTPYKTYPhl U OTHOCHUTEJIbHBIE SHEPTHU MPOMEKYTOUHBIX U
MEePEXOAHBIX KOMIIJICKCOB, UYTO a0 MCCIEAOBATEISIM MOITHBI HMHCTPYMEHT ISt
PACKPBITHS MEXaHH3MOB IPOTEKAHMsI CIIOKHBIX peaKIuid ¥ Ui HaXOXKICHUS
KHHETUYECKUX KOHCTAHT C HCIOJIb30BAHUEM TEOPUU TEPEXOJHOTO COCTOSHUS.
Hcnonb3oBaHWe JaHHOTO TEOPETUYECKOrO TMOAXOAa K  HU3YYEHHI0 KUHETHKHU
apOMaTHYECCKUX PEaKIuii MPpUOIKaeT YICHBIX K TOHMMaHUIO ()OPMHUPOBAHNUS BPETHBIX
BbIOpOcOB [TAY u oOpa3syroielics U3 HUX CaXu, KOTOPbIE SABJISIIOTCS KaHIEPOreHaMU U
3arps3HSAIOT OKPY>KaroITyto cpeny. M3sectHo, uto [TAY, cocTosiume n3 MHOXKECTBA TSI TH -
M TIECTUYJICHHBIX KOJICH, BBIJIEP)KUBAIOT BBICOKME TEMIIEPATyphl, MPUCYIIHE
AKCTPEMAJIbHBIM YCIOBUSIM, U TIPUCYTCTBYIOT, HAIIPUMED, B TOPEHUH U OKOJIO3BE3IHBIX
obonactsax. [lpakThdecku HEU3yUYEHHBIMH OCTABAJMCh TaKUE€ BAXKHBIC PEAKITUU
omHokombleBbIX ITIAY: CsH; + C3Hs/C;H;, CsHs + CHi/CoH;, Bemymux
(GhOpMUPOBAHUIO ABYX- U TPEXKOJIbIIEBbIX [TAY.

Taxxke W3 MIMPOKOTO Kiacca COEAMHEHUM BOJOpPOAA C JPYTUMH dJEMEHTaMU
BBIJICTISIFOTCSL CTPYKTYPBI C aTOMaMU yIJIepoaHou rpynibl. OHM 00pa3yroT KOBAJICHTHBIC
COCIUHEHUsI ¢ BoJopoaoM — Tterparuapuabl (XHg, rae X — 2JeMEHT MOATPYIIIbI
yraepoaa: C, Si, Ge, Sn, Pb, Fl). IIpucyrctBue merana kak Ha 3emie, Tak U Ha
KOCMHUYECKMX OOBEKTaX BeIeT K oOpasoBaHuio paaukaiga CH, xoTopeiii mnpu
B3aMMOJICUCTBUU ¢ MojeKynamMu XHj obpasyer X-opranudeckue coequHeHus. Takue
CTPYKTYphI SIBJISFOTCS TMEPCHEKTUBHBIMU KaK B IPOMBIIUIEHHOCTH BBHIY BBICOKOM
TEPMOCTOMKOCTH, CBETOCTOMKOCTH, MOPO30CTOMKOCTH, TaK U B OMOXHMHUHU, T/IC HA OCHOBE
TaKUX COCTMHCHUN MOTYT IPOU3BOIUTHCS OMOJIOTMYECKH aKTHBHBIC COSUHCHHS.

HccnenoBanue peakiuid B3aUMOICUCTBUS MPOCTEHIINX  YIJIEBOJOPOIHBIX
paguKajJoB C CHJIAHOM W TE€PMAHOM TO3BOJMT OONBIIE Yy3HATh O PEaKIMOHHBIX
CIOCOOHOCTSX MOJYMETaJIOB, 4TO OYACT BOCTpeOOBaHO B MHUKpodiekTponuke [19,20].
JlaHHbIE 0 MeXaHW3Max W KHHETHKE pEaKIuid TEeTParuipuaoB B SKCTPEMabHBIX

YCIOBUSIX OBUIM HE MOJIHBI UM OTCYTCTBOBAJIM BOBCE, OITOMY M3yueHue peakuuii CH
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+ SiH4/GeH, B sxcTpeMalibHBIX YCIOBHIX BEACT K JyUIleMy ITOHUMAHHIO PEaKIIMOHHOM
CIIOCOOHOCTH M30BAJICHTHBIX CUCTEM U COBPEMEHHBIX KOHIICIIIIHIA XUMHICCKON CBSI3H.

Takum 0Opa3om, pa3paboTka MexaHU3MOB U kuHeTHkH peakimii CH+SiH,/GeHy,
C7H;+C3H3/C7H7, CsHs+CH3/CoH; B skcTpeMalibHBIX YCIOBUSX SBISCTCA aKTyaJdbHOM
3ajauei Ui XAMHYECKUH (DU3HKH, a ONIMCAHHBIC B PA00TE MEXaHU3MBI C 3aBUCHMOCTSIMU
KOHCTAHT CKOpOCTed W KO3(D(UIIMEHTOB BETBJCHUS NPOAYKTOB PEAKIMHA OT
TEMIIEpaTypbl W JaBJCHUS BOWAYT B 0a3bl JaHHBIX KHHETHYCCKUX HCCJICIOBAHHIMA
XUMHYCCKUX PEaKIUiA TOpeHHS M OyayT NpPUBICKATHCS JUIS OIMMCAHHS SBOJIOLUHU
OpPraHWYeCKUX COCJAMHEHUH B pPa3IMYHBIX KOCMHUYECKMX OOBEKTaX OT oO0JacTeit
3BE3/1000pa30BaHuii 10 000JI0YCK 3BE3/] ACUMIITOTUYECKON BETBU TMTAHTOB.

ean padoThl

PackppiTe MEXaHHM3MOB peEakIHMid COCAMHEHHMH BOAOpPOJAa C 3JIEMEHTAMHU
noarpynmel yriaepoga CH + SiH,/GeHs, C/H; + CsHi/CiH7, CsHs + CH3/CoH; ¢
UCIOJIb30BAHUEM HEIMITUPUYCCKMX KBAHTOBO-MEXaHUYECKUX PACUYECTHBIX METOJIOB
BBICOKOI'O YPOBHSI M TOYHOCTH, a TaK)Ke ONPEICICHHE KUHETHYECKMX KOHCTAHT IS
JAHHBIX pPEaKIMd B OSKCTPEMabHBIX YCIOBUAX C TMPUMCHEHHEM TeopuH Paiica-
Pamcneprepa-Kaccens-Mapkyca, T0OMOJHEHHOW OCHOBHBIM KHHETHYCCKHM YPaBHCHHEM,
YVUMTBHIBAIONICH [OWHAMUKY IEpepacupeecHus] BBIICIIEMON B XHUMHUYECKHX

npeoopazoBanusx sHeprun (PPKM-OKY).
OcHoBHBIE 3312491

1. OnpeneneHue peaklMOHHBIX TyTed U KOIPQPUIIMEHTOB BETBICHUMN

IIPOAYKTOB JIJIsl B3auMoaercTBuii MmetuH-paaukana (CH) ¢ cunanom (SiH,) u repmanoM

(GeH4).

2. PazpaboTka  MeXaHU3MOB 0o0pa3oBaHusl  MOHOIMKIWYECKHX |
JIBYIUKINYECKUX COSIMHEHUN (METHUICHUHIAHUIIbI, METHJICHUHACHBI U HadTaIuH) MpU
B3auMozckcTeun OeH3uia (C;H;) m nmpomapruna (CsHsz). Haxoxkmenrne 3aBucSIMX OT

TEMIIepaTyp U J1aBJICHUN KHHETUYECKUX KOHCTAHT.

3. OnpeneneHue  OTHOCHUTEIBHOIO  BBhIXOAa  OC€H30Ja B peaKIuu

nukinonentaguennna (CsHs) m metuna (CH3) npy THIMYHBIX YCIIOBUSIX TOPSHUS.
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4. PackpeiTie Mexanu3Ma peakiiuu nukioneHntagauenmna (CsHs) u naaeHuna
(CoHy), a Taxke BBIUUCIICHUE PE3YIBTUPYIOIIMX KOHCTAHT CKOPOCTEH JIJISl PEaKI[HOHHBIX

KaHAJIOB, BEIYIINX K 00pa30BaHUIO TPEXKOJIBIIEBBIX MTPOTYKTOB.

Hay4ynast HoBH3HA

1. BnepBble wucciaenoBaH — MEXaHM3M — PEaKIMM  METHH-pajukaga ¢
TETparuJipujiaMu TepMaHUsT U KPEMHHUS B YCJIOBHUSX OJHOKPATHBIX CTOJKHOBEHUMA.
Halinensl reoMeTpuueckue M SHEPreTHYEeCKHE XapaKTEPUCTUKH MPOMEKYTOUHBIX H
MIEPEXOAHBIX COCTOSIHUN Ha JUarpaMMe MOBEPXHOCTH NMOTeHUHaIbHOM 3Heprun (I1119)
peakuuu. OnpeneneHbl OCHOBHBIE OMMOJEKYJSpHbIE MPOAYKThl pPEAKIUU U HX
OTHOCUTEJIbHBIE BBIXO/IbI.

2.  Paspaborana mogmens peakuuu Oensuiaa (C;H;) ¢ mpomaprunom (CsHs).
OnpeneneHbl  peakUUMOHHBIE KaHAJbl, BEAyIIME K OOpa30BaHMIO OCHOBHBIX
MOHOIMKIMYECKUX U JIBYIUKINYECKUX ITPOJYKTOB B SKCTPEMATIbHBIX YCIOBUSIX.

3. BrsiBiien Mmexanu3M peakiuu rukionentaguernia (CsHs) u meruna (CHs).
BblunciieHbl OTHOCHTENbHBIE DJHEPrUM  MOJEKYJSPHBIX CTPYKTyp M IOCTpOEHa
muarpamma [1I19, Brirovaronmiasi B ce0si pa3iMuHble PEaKIIMOHHBIE IMyTH O0pa30BaHUs
OeH3oma 1 QynbBEHa.

4, [Ipennoxxen HoBbIM Mexanusm pocta IIAY B peaknum CsHs+CoHy.
BblunciaeHsl KOHCTaHTBI CKOPOCTH M PACCUMTAHBI MPOLIEHTHBIE BBIXOAbBI MPOAYKTOB.
Onpenenenbl Hanbosee BEPOSTHBIE PEAKIIMOHHBIE KaHAIbI 00Pa30BaHUSI TPEXKOJIBLIEBBIX

ITAY npu TemmiepaTypax ropeHus.

Teoperuyeckass U NPAKTHYECKAS HEHHOCTH

Pe3ynbTaThl, mONy4YeHHBIE B HACTOSIIEW JHCCEPTAlMOHHOM pabote, OyIyT
MCIIOJIb30BAHbl [IJIsl TOMOJHEHUs 0a3 JTaHHBbIX KUHETHMYECKUMX KOHCTAaHT peaKkiuid B
AKCTpEMaJbHBIX ycioBUsX. [ogpoOHbIe MEXaHU3MBI pEeaKIIHii, BEIUMCICHHbBIE KOHCTAHTBI
CKOpOCTEH M TMOJYy4YEHHbIC MPOIEHTHBIE BBIXOJBI Ha MPOAYKTHl BOCTPEOOBAHBI B
XUMUYECKOU (pru3MKe, pa3paboTynKaMu KaMep CropaHusi SHEPreTUYECKUX YCTAaHOBOK U B
acTpoU3NYECKUX MOJIEINAX, OMUCHIBAOIINX IBOJIIOLIMI0 OPTraHUYECKUX COSAMHEHUN Ha

Pa3IIMIHBIX KOCMHUYCCKHX 0o0BEKTax.
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CooTBeTcTBHE NACHIOPTY 3asIBJIEHHOM CNIENUATBHOCTH

Tema u conmepkaHue IUCCEPTAIMOHHOM pPaOOTHI COOTBETCTBYET MACHOPTY
HayuyHoM crnemmanbHoctd 1.3.17. Xumuueckast (u3uka, TOpeHHE W B3pbIB, (U3MKa
AKCTPEMAIbHBIX COCTOSIHUM BellecTBa ((pU3UKO-MaTeMaTHUECKUE HAyKH) 1O MyHKTaM 1,
5ué6:

1.  AToMHO-MONEKyJspHas CTPYKTypa XHUMHYECKMX 4YaCTHI[ U BEILECTB,
MEXaHM3Mbl XUMHUYECKOT0 MTPEBPALLECHUS, MOJIEKYJISIpHAs], SHEPreTHUeCKasi, XUMUIecKast
U CIHMHOBAas JIMHAMHUKA 3JIEMEHTAPHBIX MpoleccoB, (u3MKa U (PU3MUECKUE TEOPUU
XUMHUYECKUX peaKUUi M SKCIEePUMEHTAJbHbIE METOAbl HCCIIEIOBAHUS XUMHUYECKOU
CTPYKTYpPBbI U ITUHAMUKN XUMUYECKUX TPEBPALLICHHII.

5. IToBEpXHOCTHU MOTEHIIUAIILHON YHEPTUU XUMHUYECKUX PEAKIIUN U KBAHTOBBIE
METO/Ibl UX pacueTa; JUHAMUKa JBUKEHUS PEareHTOB Ha MOTEHIINAIbHON TOBEPXHOCTH;
METO/bl JTMHAMUYECKUX TPACKTOPUI U CTaTMUECKUE TEOPUU PEAKUUN; TYHHEIbHbIE
3¢ deKThl B XUMUUYECKON JUHAMUKE; IPEBPAILCHUE SHEPTUU B JIEMEHTAPHBIX MpoIeccax
Y XUMHUUYECKHE JIa3epbl; XUMUYECKUE MEXAHU3MBbl peaklMii U yIpaBJIEHUE PEAKIIMOHHOM
CIOCOOHOCTBIO; KOT€PEHTHBIE MPOLIECCH] B XMMUH, KOTEPEHTHAsA XUMUsI — KBAaHTOBAs U
KJIACCHUECKasl; CHMHOBAsI JUHAMHMKA U CIIMHOBAsA XUMUS; GPEMTOXUMHUS; CIIEKTPOCKOMUS
U XUMHUS OAMHOYHBIX MOJIEKYJ M KJACTEPOB; SKCIEPUMEHTAIbHBIE METObI
MCCIICZIOBAHUS] XUMUYECKON, SHEPTE€TUYECKON U CHMHOBOM JTUHAMUKH.

6.  CrpoeHue, CTpyKTypa M pPEaKIMOHHAs CIIOCOOHOCTh WHTEPMEIUATOB
XUMHUUYECKUX PEaKLUN; XUMUYECKHE MEXaHU3MBbI U (PM3MKa KaTAIMTUYECKUX IPOLIECCOB;

JAWHaMMKa, CTPYKTypa U CIICKTPOCKOIINA KaTAIMTUICCKH aKTUBHBIX HOBGpXHOCTGfI.

IloJ10keHNsI, BBIHOCHUMbIE HA 3aLUTY

1.  Crpykryphl, KoJieOaTelbHbIE YaCTOTbl M OTHOCUTEIbHBIE SHEPruu
peareHToB, MPOAYKTOB, POMEXKYTOYHBIX U MEPEXOAHBIX COCTOSIHUMN, 326 ICTBOBAHHBIX
B OMMOJICKYJISIPHBIX peaknusx metuH-pagukana (CH) ¢ cumanom (SiHz) u repmanom
(GeH,), a Taxxe k03 UITMEHTHI BETBICHUS JIJIS TPOAYKTOB peakiiuii. OOpa3yromuecs B
peaknusIX HadajdbHbIE NpoMexyTouHble Komiutekchl CH,-SiH3/GeHs; pacnagarotes

IPEUMYIIECTBEHHO ¢ oOpa3oBanueM cuiieHa (H,SICH,) n metmnrepmunena (HGeCHys).



11

2.  bezbapnepHoe nmpucoenunenne paaukanoB 6ensmna (C;H;) u npomaprumia
(CsH3) compoBoxkmaercs oOpa3zoBaHHEM JBYX HadalbHbIX KoMILiekcoB (CioHig) ¢
sHeprusiMu 67,6 u 68,6 KKai/MOib, KOTOpble TpH AaBICHUSAX p>1 aTM W HUBKHX
Temnepatypax cradunusupyrorcs. Haumnas ¢ temnepatypsl 1700 K pactyT BKIaabl
PEaKIIMOHHBIX KaHAJIOB, BEAYIINX K 00pa30BaHUIO OMMOJIEKYJIIPHBIX MOHOLIUKINYECKUX
(9-97%) W NABYUMKIMYECKHX IMPOAYKTOB, NPEUMYIICCTBEHHO METHICHUHIAHUIOB
(1-3%). B obonoukax 3Be37] aCHMITOTUYECKOH BETBH TMTAaHTOB KOHCTAHTBI CKOPOCTH
00pa30BaHuUs METUICHUHIAHUIIOB PACTyT IIPU YMEHbIIEHUH TemmepaTypsl ¢ 107 emc™
(T~2500 K) 10 107*? em3c? (TA700 K), uTo yka3siBaeT Ha oclabieHHe CTAOHIN3aIIH
HavaJIbHBIX KOMILIEKCOB MTPH MOHKEHHBIX AaBiieHUsX (P<<1 Topp).

3. Brixoq Oenzonma B peakmum 1ukioneHTaauenmia (CsHs) ¢ merwm-
panukanom (CHs) mpu TUnMuHBIX TemnepaTypHbIX ycnoBusx roperus (1000-2000 K)
coctaBysier 6osiee 60% npu naBienun 0,01 at™m u magaer ¢ pocroM aasieHust 10 10%
rpu 100 atm.

4. Peakius pamukamoB ungeHmna (CoH;) m 1mukinonentaguenniaa (CsHs)
o0pa3yeT CTONKHOBUTENbHBIN KOMIUIEKC (Ci4Hi2), OT KOTOpOro peakiMOHHBIE MyTH
BEIYT K YEThIpEM TpeXKojbleBbIM nu3oMepam (CiaH1o): henantpeny, 6enzodynbBaneny,
OCH30a3yJIecHy MW aHTpalleHy, C MPEoOIaJafoNIMMH OTHOCHTEILHBIMUA BBIXOAaMHU

denantpena (55-99%) npu Temnepatypax 7<750 K u 6enzodynsBanena (95-99%) npu

TUIUYHBIX TemiepaTypax roperus (7~1000-2500 K).

JocroBepHOCTH

HanexHocTh mony4eHHbIX B paboOTe pe3yibTaTOB pacYeTOB TE€OMETPUM H
OTHOCUTEJIBHBIX YHEPIrH PEareHTOB, MPOMEKYTOUYHBIX U MEPEXOAHBIX KOMILUIEKCOB, a
TaK)XK€ MPOAYKTOB TMOJATBEPKIAETCS NPUMEHEHUEM anpoOMpPOBAHHBIX MHOTMMU
MCCIENO0BATENSIMA KBAHTOBO-MEXaHUYECKUX TEOPETUYECKUX METOIOB, C HAWIYUYIIUN HA
CEro/Hs TOYHOCTHIO: ¢ OIMMOKoif Ha ypoBHe <0,02 A n 2 rpagycoB a1 reoMeTpHIecKHX
mapaMeTpoB W 3Hepruil B 1-2 kkan/moinb. IlorpemHocTs 3HaUYeHWI KoneOaTeTbHBIX
yacToT Haxoautcs B rpanunax 30-40 cm’. PacyeTsl KOHCTaHT CKOPOCTHM peakiuil B

3aBUCUMOCTH OT TeMIIepaTypbl W JaBIIEHUS C WCIOJIb30BaHHEM Teopuu Palica-
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Pamcneprepa-Kaccens-Mapkyca B KOMOWMHAllMA C  OCHOBHBIM  KHHETHUYECKHM
ypaBHeHueM (PPKM-OKY) mno3BomsitoT HaxoaWTh KHWHETUYECKHE KOHCTAHTHI C
TOYHOCTBIO, YJIOBJIETBOPSIIONIEH COBPEMEHHBIM TpPEOOBAHMUSAM TIPU COCTaBJICHUU
HAJICKHBIX KUHETHYECKUX Mojelied TropeHus.  JloCTOBEpHOCTh  MOJYYEHHBIX
TEOPETUYECKUX PE3YNIBTATOB ONPENEIAIACh YAOBICTBOPUTEIBHBIM COTJIACUEM C YK€
M3BECTHBIMM TEOPETUUYECKUMU M SKCHEPUMEHTAIbHBIMA JAHHBIMUA, UMEIOIIMMUCS B

JUTEPATYPE.
CBs3b € roCy1apCTBEHHBIMHU NPOTrPAMMaMH

PaGoTbl BhINONHEHBI NpU noaaep:kke rpaHToB PODU (koHKypc «AcUpaHTHDY
Ne 20-33-90137) u MunucrepctBa Haykd M BbIcIIEro oOpaszoBaHusi Poccuiickoit
Oenepanun (Ne 075-15-2021-597), a taxke crunenauu l[Ipesuaenrta Poccuiickoit

deneparuu 7151 CTYACHTOB, 00YYaAIOIIMXCS 32 PYyOEKOM.
AnpoOauust padoThbI

OcHOBHBIE  pe3yJbTaThl  JOKJIAABIBINCH Ha MEXIyHaApOAHOW  Hay4dHO-
TexHuuecko koHpepeHunu «Ilpoieccsl ropeHus, TenI000MeHa 1 SKOJIOTUs TEIJIOBBIX
asurarenei» B 2017 um 2019 romax (r. Camapa, Camapckuii yHHMBEpPCHUTET),
Mex1yHapoiHOM Hay4HOH KOH(EpeHLINH CTYJEHTOB, ACIIMPAHTOB U MOJIOJBIX YUEHBIX
«JlomonocoB» B 2019, 2020 u 2021 romax (r. Mocksa, MI'Y), XI Bcepoccuiickoii
KOH(pepeHIUH ¢ MeXIyHapoaHbM ydactueM B 2021 roay (r. HoBocubupck, UT CO
PAH), 64-it Bcepoccuiickoit Hayunoi koH(peperiun MOPTU (r. Mocksa, M®TH), a
TaK)Ke Ha exeronHoM Bcepoccniickom MononexxHoM (CamMapckoM — KOHKypce-

KOH(epeHIIMH HayYHBIX pa0oT Mo onTuke U ja3zepHoit ¢pusuke (r. Camapa, CO OUAH)

¢ 2018 o 2021 rogx.
JINYHBIN BKJIA

Pe3ynbTaThl TEOPETUUYECKUX MCCIIEIOBAaHUNA, U3JI0KEHHBIE B AUCCEPTAI[MOHHOMN
paboTe ¥ BHIHOCUMBIC Ha 3aIUTY Ioj0KeHus nonydenbl KpacHoyxoBeim B. C. muuHo, a
MOJIrOTOBKA K MYOJIMKAIIUsSIM B COABTOPCTBE OCYIIECTBIISUIACH NP HEMOCPEACTBEHHOM

JMYHOM YYaCTUU COMCKATENS Ha BCEPOCCUUCKUX M MEXKIYHAPOIHBIX KOH(MEPEHIIUAX, a
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Takke cummnosuymax. Paboter KpacHoyxoBa B. C. Obuld OTMEYEHBI CTUTICHAUEH
[Mpesunenta PO mma oOydarommxcs 3a pyoexxom B 2019/2020 rr. IyOamkanuu 1mo
MaTepHasiaM JMCCEPTAIlMK OMyOJIMKOBaHbl 27 HaydHBIX padoT [21-47], B ToM umcie 4
cratb [30-33] B poccuiickux >KypHajgax U3 IMepeuHs Beiciieil arrecTarmoHHON
komuccud, 9 crateii [21-29] B Benymux perieH3upyeMbIX KypHaiax, HHICKCUPYEMbIX B
MEXIyHApOJIHbIX Oa3ax maHHbIX Scopus m Web of Science u 14 crareii [34-47] B
cOOpHHUKAX TPYAOB U TE3UCOB [OKJIAJ0B MEXKIYHApPOAHBIX, BCEPOCCUICKUX H
pEerMoHaNbHBIX KOH(pepeHIui. Jluccepranusi COCTOUT M3 BBEIEHUS, YEThIpEX IJaB U
3akmoueHnd. OOumii o0beM nucceprauuu cocTtaBiasier 137 crpanun, Brimouas 27

PUCYHKOB U 5 Tabiui. Criucok Jmtepatypsl coaepxkuT 198 naumeHoBaHMil.
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I'nmaBa 1. Meroanka uccjie10BaHH i U ONMMCAHNE METO10B KBAHTOBOM XHMHUH
1.1 DxkcnepuMeHTaJbHbIe METOAbI HCCJIEA0BAHMS

Teopernueckue padOThHI, MPEACTABICHHBIE B JIUCCEPTALIUNM, MO OOJBIICH CBOEH
YacCTH, BBIIOJIHSUIUCh MAPAJUIEIbBHO € DOKCIEPUMEHTAIBHBIMA  HCCIEAOBAHUSMU,
pOBOAMMBIMU B j1abopaTopun npodeccopa Kaitzepa P.U. B ['aBalickoM yHuBepcurteTe
Ha Manoa [23,24,27-29]. Poib paboT, BBIMOJHCHHBIX B JAMCCEPTAIMd B COBMECTHOM
TEOPETUKO-IKCIIEPUMEHTAIIBHOM HCCICAOBAHUH, CBOAUIIACH K LIEICYKA3aHUIO U ITIOUCKY
IIPEANOIaraéMblX IPOAYKTOB pEaKIMi, a TaKKe K HHTEPIPETAlK IOy YEHHBIX
DKCIIEPUMEHTAJIbHBIX JaHHBIX. B CBS3M C 3TUM B JAHHOM IJaB€ INPUBOISATCS TAKXKE
AKCIIEPUMEHTAJIbHBIE METOBI UCCIAEAOBAHUM ISl JTyYIIEro MOHUMAHUS U3JIaraéMoro B

AUCCCpTAlH MaTCpHajia.

bumonekynsapubie peakiun Mmetnaa (CH) ¢ cumanom (SiH4) u repmanom (GeHy)
MPOTEKAIM B YCJIOBHUSAX OJMHOYHOTO CTOJIKHOBEHHUS PEAreéHTOB B YCTAaHOBKE CO
CKpPELIEHHBIMM MOJEKYJSIPHBIMU ITydykaMu B l'aBalickoM yHuBepcutere Ha Manoa
[48,49]. Ona coneprkana ABe HCTOYHMKOBBIC KaMEPhI, HAPABJICHHBIC ITEPIICH IUKYIISIPHO
apyr napyry. M3 neHTpanbHBIX YacTel CTpyill BBIJIEISUIUCh MOJEKYJISIPHBIC IYy4KH,
BBIMTYIIICHHBIE CO CBEPX3BYKOBOM CKOPOCTBIO, MPOXOJs Yepe3 KOHYC C MajbIM
OTBEPCTUEM («CKUMMEPY ), KOTOPBIE HAMPABIISUIMCH HA YEThIPEXINENICBbIC BPAIIAIOLTUECS
MEXaHUYECKUe MpepbiBaTeNd («4ommepb»). B mepByro kamepy mopaBajiach UCXOIHAS
CMECh TeJIMsI ¢ METHHOM, IOJydaeMbIX MpHu ¢oroauccormaimu opomodopma (CHBr3),
ucrmapsiemMoro B 0apootepe u3 Hepxkaperotiei ctanu npu 283 K u obmiem naBienuu 2,2
atM [50-52]. Tlepen uMITYyJbCHBIM KJIAIlAaHOM JIABJICHUE CMECH METHHA C TelueM
coctaBisuio 550 Topp. Ilocne mnpoxoxkaeHus dyepe3 wyonmep GopMupoBaiICs
MOJICKYJIIpDHBI METHHOBBI IY4OK C THMKOBOH CKOpocThio Vo = 1850 + 12 wlc.
TemmnepaTypa raza B METHHOBOM ITydyKe, HU3MEpPEHHAas C TIOMOIIBIO JIa3epHO-

UHYIIMPOBaHHOM (iryopeciiennnu, cocraBisuia 14 + 1 K [53,54].

AnHanorudyHo (HOpMHUPOBAJICS BTOPOM CBEPX3BYKOBOM MOJIEKYJISIPHBINA ITy4OK

YHCTOTO CHJIaHa/TeépMaHa Mpu JaBiieHuM mnepen kiamadoMm 550 Topp. Yonrmep BbIaSsI
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IYYKH C MMMKOBBIMH CKOpocTsiMu V, = 827 + 20 m/cu 529 + 5 m/c, cooTBETCTBEHHO,
KaXKJIbI U3 KOTOPBIX MEepeceKasics MEPHEeHIUKYIAPHO C IMMyYKOM METHHA, YTO JaBajio
sHepruro ctonkHoBeHus B 18,9 £ 0,1 k/[x/Moib 1 yrom 1ieHTpa Macc Oy =485 % 0,2°
s cuiana 1 20,6 £ 0,3 xJbx/Mons u Oy = 60,5 0,4° nnst repmana. BTopuuHBIi
UMITYJIbCHBIN KJlanaH cpalathiBaji 3a 76 MKC O MEPBUYHOI'O MMITYJILCHOTO KiamaHa,
BBOJISIINIETO YKCTHIA CHJIaH, B TO BpeMsl KaK JJisi TeépMaHa BTOPUYHBIA HMMITYJIbCHBIN
knanaH cpabateiBan 3a 110 Mkc. Jlerektop pasmMeniajics BHYTPH KaMepbl C TPOWHOM
auddepeHInanTbHOW OTKauYKOM M MOMKET Bpallatbcs B IUIOCKOCTH, OIpEAeNsieMoin
000MMH peareHTHbIMM mydkamud. OH COCTOsUI W3 HWOHHM3artopa bpunka [55],
kBajpynoiabHoro wmacc-criektpomerpa (KMC) wu  cueruynka wuonoB Jlpmu [56].
HelitpanbHble NpOAYKTHI peakluu, TIOCTYNAIOIME B JETEKTOP, HOHHU3UPOBAIUCH
AMEeKTpOHHBIM yaapoMm (80 3B), ¢unbTpoBamich Ha OCHOBE OTHOIIEHHUS WX MAacChl K
3apsay (m/z) c ucnonszoBanneM KMC, ocHallieHHOT0 reHepatopom ¢ yactoroi 1,2 MI'n
i cunana u 2,1 MI'q nns repmana, v, HAKOHEL, PErUCTPUPOBAIUCH CYETYUKOM MOHOB
Jamu. Ha ocHOBe 3a/laHHBIX IOJIb30BATEJIEM PacIpe/leIeHUI OCTYNaTeIbHON SHEPT UM
P(Er) u yranoBoro mortoka 7(6) B LieHTpe Macc i aHain3a Ja00paTOPHBIX JaHHBIX
UCIOJNb30BajiaCh MIpOLEAypa NpSAMOM CBEPTKH. OTU (PYHKLIHUH, OIpEHesIone
peaktuBHOe nuddepennuanpHoe ceuenune I(u, 6) ~ P(u) x T(6) co ckopocThio U B
CHCTEME IIEHTPa MacC, BapbUPYIOTCS 10 IPUEMIIEMOTO COOTBETCTBHS BPEMSIIPOIETHBIX

CIIEKTPOB U YTJIOBBIX pactipenenenuii [57,58].

Peakumss Mexay apyms Oensun pagukamamu (C;H;) Oblia  umcciemoBaHa
AKCIIEPUMEHTAILHO METOJ0OM (POTOMOHU3AIMOHHOM MOJIEKYJISIPHO-TTYYKOBOM Macc-
cnexkrpoMerpun (PUMIIMC) B ycnoBusix npuOIUKEHHBIX TOPEHUIO C UCIIOIb30BAHUEM
PE3MCTUBHO-HATPEBAEMOI'0 BBICOKOTEMIIEPATYPHOTO IMHPOIMTHYECKOTO peakTopa [59],
BCTPOCHHOI'0 B MCTOYHHMKOBYIO KaMepy (OpMHUPYIONTYIO MOJEKYJIApHbINA mydok. Kpome
toro, ycranoBka @OUMIIMC Opula o0opyaoBaHa BpEMSIPOJICTHBIM — Macc-
crieKTpoMeTpoM ¢ HOHHBIM 3epkajioM (Re-TOF) ¢ ¢orononnzarueii nepecTpanBacMbIM
BaKyyMHBIM YJbTpa(UONETOBBIM HM3TYyYEHHEM, IMOIy4aeMbIM Ha CHHXPOTpoHe ALS

(Advanced Light Sourse). Bkpatiie, HelpepbIBHBIN Iydok paaukanoB oexsuia (C7H-)
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reHepupoBaics in Situ B pesynapTate nuponmsa oensumnopomuaa (C;H7Br) mpu 1473 K
yepe3 pas3phIB CBSI3U yriepoa-opom mpu konreHTpamuu 0,15% B raze-Hocurtesne reauu
npu o6imem naeinenun 400 mOap Ha Bxone B peaktop [60]. ITpu 298 K naBneHue nmapoB
6ensmnopomuaa coctanisio 0,6 mOap. [locne BbIxoaa U3 Harperoit TpyOku u3 kapouaa
kpemuus (muHa L=20 MM, BHyTpeHHuU nuamerp d=1 MM) U MIpPOXOXKACHUS dYepes3
CKUMMEp HEUTpallbHbIE MOJIEKYJIbl B CBEPX3BYKOBOM IIy4Ke (HOTOMOHH3HPOBAINCH
0IHO(OTOHHOM MOHM3AKEH C UCIOJIb30BAHUEM KBa3UHETPEPHIBHOT'O
NepecTpanBaeMoro BakyyMHoro yiabTpaduoneroBoro (BY®) usznyuenus. Macc-criektp
NoJTy4yaju ¢ uuTepBaiamu suepruii poronos 0,05 3B ot 7,30 go 10,00 3B. Cnexktpomerp
Re-TOF pabotan B UMITyJIbCHOM PEXKHUME, UCIOIB3YSI UMITYIbCHl UIUTEILHOCTBIO 2,5
MKC J1J1s1 SKCTpakiuu HoHOB. KpuBbie appextuBHOCTH poTononuzamu (IPN), kotopsie
0TOOpPaXKaI0T KOJIMYECTBO MOHOB MPH OMPEIETIEHHOM OTHOIICHUH MAaCChI K 3apsny (m/z)
Kak (yHKIHIO SHEepruu (HOTOHA, OBLIM MOTYYCHBI IyTEM UHTETPUPOBAHUS CUTHAJIA TIPU
YEeTKO OIPENEICHHOM COOTHOIIEHUH mM/Z, BBIOPAaHHOTO W HOPMHUPOBAHHOTO JIJIS

HHTCPECCYIOUICTO MOJICKYJIAPHOT'O ITUKA.

1.2 Teopernyeckue MeTOIbI HCCJIETOBAHUS
1.2.1 Merton Xaptpu-®oka
Crarnmonaproe ypasHenue [lpenunrepa mis cuctem u3 N 31exkTpoHoB (i, j...) u M

snep (a, f,...) ©IMeeT BUI:

HY =Ey
N M
_ h? h? 1 Z e’ ZyZge?
— VZ__ _VZ _ _ B
mz 2 z M, “ Z +Z + z
i=1 i=1 i,a i<j a<pf

[lepBble ABa cnaraeMbIX OTBEYAIOT 32 KWHETUYECKYIO SHEPTUIO AJIEKTPOHOB U sIAEp,
TpPEeThe cllaraeMoe 0003HauYaeT KYJIOHOBCKOE B3aMMOCHCTBHE DJIEKTPOHOB C SApaMH,
MOCJIEAHUE JBA — DJEKTPOH-3JIEKTPOHHBIE M MEXbsAepHble B3aumozeiicTBus. Kak
MPAaBWJIO, WCIONB3YIOT Psifi OOIMX MPUOMIKEHWN, TaK KaK TOYHOE aHAIMTHYECKOEe
pemienue ypaBHeHus [llpeauHrepa HEBO3MOXKHO: HEPEISTUBUCTCKOE MNPHUOIMKEHUE,
npubnmwkenue bopHa-OmnmneHreiimepa, pa3aeisioniee IBUAKEHUE AJICKTPOHOB U sJIep U

OJTHODJICKTPOHHOE TIpuOIrmkeHne. BomHoByo ¢GyHKIMO B MeToae Xaprpu-Doka (XD)



17

UIIYT B BUe eTepMuHanTa Cieltepa, MOCTPOCHHOI0 Ha OHO3IEKTPOHHBIX OpOUTAIIAX,

KOTOPBIE SABJISAIOTCS PELICHUSIMU ypaBHeHU Xaptpu-Doka:

Y, = mdet(wl e Py )-

VYpaBuenuss Xaprpu-Doka 1 3aJaHHOrO IIOJOXKEHUS SAEp IOIYy4arOTCs
BapUALIMOHHO IIPM MHUHUMH3ALUMUA DHEPIUU 110 OTHOLIECHHUIO K OJHOAJIEKTPOHHBIM

Op6I/ITaJI$IM N UMCIOT BHU.
Filo:) = &lo;)
Fi=hit) (;-K)

~

rae F; — omeparop ®oka, h; — OTHORIEKTPOHHBIM TaMUJILTOHHWAH, BKIIFOYAFOIITUN

KMHETUYECKYIO SHEPTHIO JICKTPOHA U €r0 B3aMMOJICHCTBHE C SAPAMU, a ONIePaTOPhI

~

J 1 K (KyTOHOBCKHIA 1 OOMEHHBIH ), IMEIOT BHUI:
2

Jioi=1J go;(xa«p,-(xz)%goi(xl)dxz

2
2

— . e
Kip; = f‘Pj (xz)‘Pi(xz)Ffpj(xl)dxz

2

IZ€ Xj— MPOCTPAHCTBEHHBIE U CIIMHOBBIE KOOPAWHATHI JJIEKTPOHOB. MeTtoa X P xopomuio
OIUCHIBAET (KaK IPABWIO, C TOYHOCTBIO Jydlle 1%) MONHYIO0 3JIEKTPOHHYIO SHEPTHUIO
MOJIEKYJISIpHBIX cucTeM. OHaKoO, U1 XUMUYECKHUX 3aJa4 TaKas TOYHOCTh OKa3bIBACTCS
HEJIOCTATOYHOW BBUY TOT'O, YTO HAYAJIO OTCUETA SYHEPTUU COOTBETCTBYET PA3HECEHUIO
BCEX AJIEKTPOHOB U siZiep Ha OECKOHEUHbIE PacCTOSTHUSL. AOCOTIOTHBIC 3HAUEHUS DHEPT Ui
IJI HEOOJBIINX OPraHUYECKUX MOJIEKYJ JOCTUTAlT coteH Xaptpu (> 3 x3B), Torma
OLIMOKH TOCTUTAIOT €IAUHUI XapTpH, YTO COOTBETCTBYET COTHSM KKaJl/MOJIb, B TO BPEMSI
KaK JJIs1 XMMUYECKUX 3a/1a4 Hy’KHa TOUHOCTh B €IUHUIIBI KKaJI/MOJb.
1.2.2 Teopusi pyHKIIMOHAIA IVIOTHOCTH

B Hacrosiiiiee Bpemst MeTonibl Teopuu GpyHKImoHana miotHoctu (TDIT) seistorest
HE3aMEHUMBIMH I U3YYCHUSI MTPAKTUUECKH BaXKHBIX XUMHUYECKHX U OMOJIOTUYECKUX
MOJIEKYJISIPHBIX CUCTEM U UCIIOIB3YIOTCA moBceMecTHO. Metonsl T®II narot noctatouHo

TOYHBIC PC3YJILTATHI IJIsI MHOI'MX 3a/Jla4 IIPU 3HAYNUTCIBbHO MCHBIINX BBIYNCIIMTCIBHBIX
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pecypcax, 4yem st MeTofoB mnocT-XapTpu-®oka. OcHoBHOM BenuuuHoil B TOII
ABJISIETCS AJEKTPOHHAS TUIOTHOCTh, KOTOpasi CBSI3aHA C MHOT'O3JIEKTPOHHON BOJIHOBOM
byHKIMEHR cleayomuM o0pa3oMm:
p() = NJ [¥(xy, %5, ... xy) P doy dic; ... dxy
B KOTOpOH X; = (77, 07) — IPOCTPAaHCTBEHHBIE U CIIMHOBBIE KOOPIMHATHI JJIEKTPOHA.
OTa BeMUMHA C TOYHOCTBIO A0 MHOXKUTENSE N COOTBETCTBYET BEPOSITHOCTH HAWTH OJIUH
u3 N DJIEKTPOHOB B diieMeHTe 00beMa dTy.

Tounoe BBIPAXXCHUC OJI1 OHCPIruu BHCKTpOH-HHepHOﬁ CUCTEMBI UMCCT BU .

h? o2
E = f _%Vzﬂ (7, 7)) dry +fP(F)v(77)d77 + fpz(ﬁ:?z)r_dfldfz;
1;,1=f,1r 12
> o N(N - 1) % — — s — — — —
p, (7, 7,) = Tf W (x], %p e X )P (X1, X5, ... Xy)dod oy dXs ... dXy

P (7, 7)) = N[ W (%1, %, . X)W (1, 01, %5, .. Xy)doy dX; ... dXy
r7i€ P — AJIEKTPOHHAS MIOTHOCTh, P, — MapHasi JIEKTPOHHAS IIOTHOCTh, a P; — MaTpuiia
MEepPBOro MOpsJIKa.

ITepBas Teopema Xosub6epra-Kona [61] yrBepikaaer, 4To 3JEKTPOHHAS TUIOTHOCTD
OTpeeIseT raMUIbTOHUAH U BOJIHOBYIO (DYHKIIUIO CUCTEMBI, TAKUM 00Pa30M, BO3ZMOMKHO
YUTH OT UCMOJIb30BAHUS MHOT'O3JIEKTPOHHON BOJHOBOW (DYHKIIMH M BBIPA3UTH MOJHYIO
SHEPIHUIO CUCTEMBI KaK (PyHKIMOHAI 2JIEKTPOHHOM mioTHOCTH P (7).

Elp] = Voelpl + Tlpl + Vee[p] = [ v(P)p(P)d7 + Fp,
rae Vpe — DJIEKTPOCTaTHYECKAsi PHEPTUsl DJEKTPOHOB B Moje siaep, Ve — DIEKTPOH-
ANIEKTPOHHOE B3aUMOJICUCTBHE, T — KHHETHYECKask SHEPTUS AIEKTPOHOB.

Bropas Tteopema XoosHOepra-Kona BbIpakaeT BapuallMOHHBIM MPUHIIHII,
OCHOBAHHBII Ha ANEKTPOHHOM MIIOTHOCTHU, U YTBEPK/IAET, UTO PEAIbHOE pACIIPECICHIE
AIIEKTPOHHOM TIJIOTHOCTH MHUHUMU3UPYET (PYHKIIMOHAT SHEPrUd W COOTBETCTBYET
DHEPruM OCHOBHOTO cocTosiHUA [61]. Takum oOpa3om, 11 MOMCKA PHEPTUH CHUCTEMBI
HEOOXOAMMO 3HATh TOYHBIM BUJ (YHKIMOHAIA HSHEPTrUM W PEIIUTh 3aJady To
MUHUMHU3AUNA 3TOr0 (pyHKIMoOHama. OMHAKO €ro TOYHBIA BHUJ HEU3BECTEH, YTO U

SIBJISIETCSI OCHOBHOM CJIOKHOCTHIO B TOII.



19

B pamkax 9TOM TEOpUM  PACCMATPUBAETCS  TMIIOTETUYECKAasT CUCTEMA
HEB3aMMOJICHCTBYIOIIMX JIEKTPOHOB, HaX0AMXCs B 3 (HEKTUBHOM OTEHIUATIE, C TOU
K€ IJIOTHOCTBIO P, KaK Y PEAIbHON CHCTEMBI B3aMMOJICHCTBYIOIINX JIEKTPOHOB. Takas
cHCTEMa MOKET OBITh TOYHO ONMCaHa OJHUM JeTepMuHaHToM Creitepa, MOCTPOSHH bIM

Ha OJIHORJICKTPOHHBIX BOJHOBBIX (DYHKIMSX (OpOUTATISAX) ;.

1
Y, = ﬁdet[wlwz o ]

p =2 |<Pi|2-

B nocnemnyromem Kon u [1sm nepenucany GyHKIIMOHA SHEPTUH CIISAYIOIIAM 00Pa3oM:
E[p] = Vaelp] + T[p] + Vee[p] = [ v(B)p(F)dF + Ts[p] + ][] + Exc[p]
rae J — KyJIOHOBCKAs 4acTh AJIEKTPOH-3JIEKTPOHHOTO B3aUMOCHCTBUS B KIIACCHYECKOM
npeacTaBicHur. Takum 00pa3oM, 4acTh KHHETHYECKOW YHEPTUuH, KoTopas He Bonuia B T's,
Y HEKJIACCUYECKasl YacTh JIEKTPOHHOTO B3aMMOJCHUCTBHUS OKAa3bIBAIOTCS B OTJCIHHOM
CITaraeMOM:
Evclp] = Tlp] = Tslp] + Vee[p] = J1P]

Oto kmoueBas BenauunHa B Teopur TDII, koropass Ha3piBaeTcsi OOMEHHO-
KOPPEJSIMOHHBIM (DYHKIIMOHAJIOM, CIIOCOOBI €€ 3aliCH M OTIMYAIOT pa3HbIe METOIBI
T®II mexay coOoM.

[TepBerii K1ace MpUOIMKEHMIA — MPUOIIbKEHUE ToKabHOM motHocTH (LDA) [62],
rie OOMEHHO-KOPPENSIMOHHAsT HHEPrHsl OMHUCHIBA€TCS KaK WHTerpail (QyHKINH,
saBucsell ot wiotHoctH: Ex[p] = [F(p)dF. Jlns pacuera OGMEHHOMN 9acTH SHEPTHH B
KXKIOH TOYKE IPOCTPAHCTBA Oepercs aHaTUTHYECKOe BBIPAKEHHE IS MOJEIH

OAHOPOAHOI'O 3JICKTPOHHOI'O I'a3a

1/3
Exelol =—3(7) [p*d7,
KOTOpasi UMEET UJACHTUYHYIO MJIOTHOCTh 10 OTHOILICHUIO K PeaibHOM CUCTeME B JaHHOU
TO4uKe. TOYHOCTH ATOro Kjacca METOJIOB B INMPUMEHEHUM K XHMHYECKHM CHUCTEMaM
JOBOJIbHO HHU3Kast: MeTo1 LDA moka3bIiBaeT CpeIHIOI TOYHOCTh 16 KKaJjl/MOJIb B pacuere
Ha OJHY XUMHYECKYIO CBSI3b ISl CPEHUX AaOCOJIOTHBIX OTKJIOHEHHH pPACUETHBIX W

OKCIICPUMEHTAJIBHBIX BEIMYMH dHeprur arommsanuu [63]. Cucrembl, BKIIOYAIOIIME
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CIIMHOBYIO TMOJIIPU3aLMI0 (HAIpUMEp, CUCTEMBI C OTKPBITOW 00O0J0YKOif), OOBIYHO
HCIOJNB3YIOT CIHMH-TIONIAPU30BAHHBIN (popManu3M, M TOrJa OHHM YK€ Ha3bIBAIOTCS
«IPUOTMKEHUEM JIOKATBbHOM cClTMHOBOM ToTHOCTHY (LSDA).

Crnenyoumm ycaoXHEHUEM SIBIISIETCST 0000IIEHHOE I'PaIu€HTHOE MPUOIMKEHNE
(GGA) [62], rae yuuThIBacTCS 3aBUCMMOCTD SHEPTUHU OT 3JCKTPOHHOM TUIOTHOCTH M OT
ee rpamuenta: Exc[p] = JF(p,Vp)di. HauGoree momymspHble U3 TaKHX (YHKIHOHATOB —
B88X (Becke 1998) [64] u LYP (Lee, Yang, Parr) [2], koTopble B KOMOMHAIIMN JAIOT
¢bynkuronan BLYP.
['ubpuaHbie QyHKIMOHAIBI KOMOMHUPYIOT B cebe nocTkeHuss GGA-QyHKIIMOHAIOB U
TOYHO PACCUYMTAHHEI MetooM Xaprpu-Doka odmen: Ex[p] = [F(p,Vp)dr + EEHF.
CaMbIM U3BECTHBIM U3 HUX sBIsieTcs pyHkimonan B3LYP, ¢ uconp3zoBanmeM KoToporo
710 CHX TIOp BBIMOJIHSETCS 3aMETHAas 9acTh paboT B 00JaCTH KBAHTOBOW XHUMHU

EB3LYP = (1 — @) ELSPA + qEHY + BAEB + (1 — ¢)ELSPA + cELYP,
Koadpdummentsr a, b u ¢ pasustores 0,20, 0,72 u 0,81, coorBerctBeHHO. Co3maHue
Takoro (hyHKIIMOHAJIA SIBUJIOCH MPOPHIBOM B 00JIACTH U TTO3BOJIMIIO IMOTYYaTh PE3YJIbTAThI
U1l OOJBIIUX CUCTEM C TpuemiieMod TOYHOCThIO. Ilockonmbky Meton Xaptpu-Doka
TOYHO ONHUCHIBAET OOMEHHYIO SHEPIrUI0 U HUKAK HE YUUTHIBAET KOPPEISAIUIO, JaHHBIA
KJ1acc PYHKIIMOHAJIOB OCHOBAH Ha UJIEE UCIIOJIb30BaTh MeTo | XapTpu-Doka A1 pacuera
O0OMEHHOI0 BKJIaJja B 3Hepruto 1 npuHuuibl TOII qist pacuera KOppensilIuOHHON YacTu
sHepruu. [TomuMo ucrnonbp3oBaHus 3aHAThIX opouTanei Kona-IlIama, MOXXHO MTOCTPOUTH
0OMEHHO-KOPPEISIMOHHBIE (YHKIIMOHAJBI, KOTOpbIe Takxke OyIyT 3aBUCETh OT
BHUPTYaJbHBIX OpOUTaJei, HAPUMEpP, C MOMOIIBI0 BKIIOYCHUS B (PYHKIIMOHAT YACTH
SHEPruu, paccyutaHHor MeTooM MP2, Ho ¢ ucnonb3zoBanuem opoutanet TOII. Toraa
OOMEHHO-KOPPEISIIMOHHBIN (PYHKIIMOHAT TPUMET BHI [66]:
E..=(1—a)EPFT + aEFF + (1 — b)EPFT + bEMPZ,

OpHuM U3 HUX sBIIsieTCs nomyssipHbli GyHkunonan B2PLYPD3, Bkitouatommii B ce0st
JHCIIEPCHOHHYIO TonpaBKy bekke-J/[xxoncona (D3) [66].

JlpyruM MeTOJI0M, MO3BOJIIONIMM YUYECTb 3JICKTPOHHBIE KOPPESLUU, SBISETCS

meton koHpurypamuornHoro B3aumoneiictBus (Cl) [62]. C maremaTHyeckod TOYKH
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3peHus JaHHas KOH(UTypalus OMUCHIBACT JMHEHHYI0 KOMOWHAITUIO OMpeeuTesei
Crneiitepa. Ilpu omumcaHum 3aceleHHOCTH OpOWTaliell B3aMMOJCHCTBHE O3HAYaET

CMEILMBAHNUE PA3IUYHBIX JICKTPOHHBIX KOHPUTYpaLHid (COCTOSIHUIA).

JlaHHBI METOJ NTO3BOJISAET IOJYUYUTh OTHOCUTEJIBHO TOYHYIO SJHEPIUI0 OCHOBHOT'O
COCTOSIHMSI U TOYHYIO BOJHOBYIO (DYHKIIMIO, YUUTHIBash KOPPENSLUOHHBIE 3(PQPEKThI,
MUHHMH3UPYSI IHEPTUI0 MO BCEM HOPMHPOBAHHBIM AHTHUCHUMMETPUYHBIM BOJIHOBBIM
GyHKIUSAM, HO CIIeNaTh 3TO KpaifHe ClloXkHO. B mpocreiiniem ciyyae, Ipy pacCCMOTPEHHUH
onHoro onpenenutens Cieltepa, 3To BeAeT K ypaBHeHUsIM Xaprpu-Doka. OgHako, B
ciliyyae, Korjaa pasiuyHble omnpeaenutenu Creiitepa HMEOT OJM3KUE DSHEPIUH,
paccMoTpeHue onHoro onpeaenurens Cneitepa sBIsSETCS MIOXUM NpuOImkeHuem. B
TOM Cciyyae HEoOXOJMMO paccMaTpUBaTh BAPUALMOHHYIO BOJHOBYIO (DYHKIIMIO,
KOTOpasi SIBJSIETCSl IMHEMHOW KOMOMHAIMen (yHKIHMM, COOTBETCTBYIOIIUX Pa3IM4YHbIM

KOH(UTyparusm:

OOpyHO HamOoNbIIMK BkIan nAaer XapTpu-OokoBckass BOJHOBas (YHKIIMS
OCHOBHOT'O COCTOSIHHSI, KOTOPYIO 0003HauatoT 3a Wy. OcranbHble BKJIaIbl OOBIMHO OYEHb
MaJsbl. [ ynoOcTBa CyMMy BBIILIE MOXKHO IE€penucaTh, CCPyNIIMPOBAB ONPEASIUTEIH
Cneiitepa ¢ ogauM "B030yxkaeHHBIM" AnektpoHoM Vi, ¢ aByms "BO30OyxIeHHBIMU"

.ab .
anextpoHamu Wi, Toraa BonHoBas GyHKUUSA OyAET UMETh BUA!

¥ =c,¥, +i i AW+ i ZK: W +

i=1 a=N+1 i>j=la>b=N+1

N K N K
abc gy abc abcd abced
+ D YR D D G e

i>j>k=la>b>c=N+1 i>j>k>l=la>b>c>d=N+1

Ha mnpakThke HEBO3MOXXHO paccuMTaTh BCE HE3aHAThIE opOuTanu. Takke
COBEpPLICHHO OYEBUIHO, YTO YMCIIO YWICHOB B Pa3JIOKEHUH OYEHb OBICTPO BO3PACTAET IIPH

yuere Bce Oosiee v 0oJiee BBICOKMX YPOBHEW BO30YKIEHUS.
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Jliis ymoOcTBa 3amucu BBEAEM BEKTOpa | M @, YbMMH KOMITOHEHTAMHM SIBJISFOTCS

3aHAThIC (i1, Ip, I3...) M He3aHATHIE (A1, A, 83...) OPOUTANH, COOTBETCTBEHHO, TOT/IA:

R L et E ID IR vt L uurt D IO I eten L neru L

i=1 a=N+1 i>j=la>b=N+1
N K . i N K . i
+ Z z C[alvazvaa---'N]\P[alvaZvaf,---'N] + Z Z C[alvaZvasva4---'N]\P[alvaZvasva4---'N] +eee=
4 gy ] [hipdsein] iy igin] ¥ (g gl iy |
i>j>k=la>b>c=N+1 i>j>k>l=la>b>c>d=N+1

=Y il

s pacueta CI BomHOBOM (hyHKIIMM HauHeM ¢ ypaBHeHus Llpenunrepa HY =EY, 3atem

YMHOXHM 00€ CTOPOHBI PAaBEHCTBA ClieBa Ha onpesentenas Cielitepa Wik
YIHY =YEY
U, TIOJICTABUB BOJIHOBYIO (DYHKIIHIO, TOTyUHM:

PIHY P =EP; > o).
jb b

ITocne HHTCTPUPOBAHUS JTAHHOC BBIPAXKCHUEC IPUMET BHU .

Z<\Pa H‘LP?>CJb :E;CJP <‘P? ‘P:)> EZ ij ab :Ecia1
ik

jb

YTO SBIISETCS 3ajadeld Ha HaxXOXKJICHHE COOCTBEHHBIX 3HAUYCHUW MAaTpPHUIIBI

raMmIbTOHHaHa H ¢ MATPHUYHBIMH DJICMCHTAMM.

Hﬁ‘jb = <‘Pa

H \\Pf) .
HaXO)KI[eHI/Ie HAUMCHBIIICT O CO6CTBCHHOI‘O 3HAUCHUA U3

ZHab b

PaBHOCHJILHO MUHUMH3AIMH 3HEPTHH 110 BCEM BOJTHOBBIM (PYHKITHSIM. Eciim 0CTaHOBUTH
Pa3JI0KEHUE MOCIIE HYJIEBOr0 OPsiAKa, TO moyduTcs Meto Xaptpu-doka. Ecim nocne
MEepPBOTO, TO TMOJAYYUM  METON  «KOH(MUTYPAIIMOHHOTO  B3aUMOACHCTBHUS  C

OJTHOAIEKTPOHHBIMU B0O30Y)neHussMu» (CIS), a ecnu mociie BTOpPOro mopsaka, TO
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«KOH(UTYypallMOHHOE B3aUMOJICHCTBUE C OHO- U IBYX3JIEKTPOHHBIMU BO30YXKIECHUSIMU»
(CISD) u tak nanee. Eciu pasznoxeHnue He 0OpbIBaTh U yYUTHIBATH Bce N-3JIEKTpOHHBIC
BO30YKJI€HUS, TO TOTYYUTCSI METO/ IOJIHOTO KOH(PUTypallMOHHOI'O B3aUMOIEHCTBU SI»
(FCI), omnako 3TOT MeTOJ TpeOyeT OrPOMHBIX BRIYUCIUTENBHBIX pecypcoB. Ha naHHOM
MOJIXOJI€ TaKK€ OCHOBAHBI METOJI CaMOCOTJIACOBAHHOI'O TMOJII C TMOJHBIM aKTUBHBIM
npoctpanctBoM (CASSCF) [67] u MHOrokoH(UrypanmoHHasi TEOpUsT BO3MYIICHUN

BToporo nopsiaka (CASPT2) [68,69].

1.2.3 MeToa CBSI3aHHBIX KJIACTEPOB

[IpoGnema MHOrOYaCTUYHOM KOPPENSIIUU JBWKEHUS BEChMa CJIOXKHAs U JI0
HACTOSIIIETO BPEMEHM SIBJISIETCSI HEPEIICHHOW, a M3yYeHHE AJIEKTPOHHON KOPPEISIUU
TaK)Ke SBJISICTCS KpalHe TpyAHOW 3ajadeil. bplio 3amMedeHo, 4TO OCHOBHAs 4YacThb
KOPPEJSIUY YUUTHIBAETCS C TOMOIIBIO BBEACHU N KOPPEISAIIUH JIEKTPOHHBIX Tap, TOTOM
KOppeJsiuM ABYX map, Tpex map u T.J1. MosekyJspHble OpOUTaId, KOTOPbIE MOTYT
HCITI0JIb30BATHCS, PACIIONIOKEHBI 110 BCEW MOJIEKYJIE, HO Ha TIPAKTUKE JEJIOKATU3allHs He
CcToib Benuka. Jlaxke B cioydyae KAaHOHUYECKHMX oOpOuTasied, M, KOHEYHO, IpHU
WCIIOJB30BAHUM  JIOKAJIM30BAHHBIX  MOJIGKYJSIPHBIX ~ OpOMWTajei,  3JIEKTPOHHOE
BO30YXKJICHHE TMOApPa3yMeBaeT Moja co0oi crnocod MepeMelleHus dJIEKTPOHa U3 OJHON
4acTH MOJIEKYJbI B JIpyryro. Beenem nerepmunanT Creiitepa, OCHOBHOU JAETEPMUHAHT
Yy ¥ TOT 12 BOTHOBAS (DYHKIIMSI OCHOBHOT'O COCTOSTHHS BBITJISITUT CIICAYIOIIM 00pa3oM:

Wee =€ TIPHF

A A A A

rie e” — BomHoBoi# onepatop, T — kmacrepmsiii omepatop | =1y + T, + T+ - +T,

Jl71st mosTydeHust pa3MuHbIX KOH(GUTYpaIuil B pa3ioKeHUN BOJHOBON (PYHKIIMH K
BOJIHOBON (pyHKuMH XapTpu-Poka OCHOBHOI'O COCTOSIHHUSI MPUMEHSIIOTCS ONEpaTOphI
ogHokpatHOro (S), nBykpaTHOro (D) u T.1. BO30YXIEHHSI, KOTOPBIC UMEIOT BUI:

T ata
T1—Z Citi,

i,a

1
T _ ab fab
TZ—ZIE Cij tij



24

abc abc
3 36 E l]k L]k ’

i,j,k,a,b,c
rae fla — oIrneparop BHeMeHTapHOﬁ 3aMEHBI 3aHSITOU 0p6I/ITaJII/I @i Ha BUPTYAJbHYIO

fab

opouTab g, — 3aMEHa Qi U QjHa Qa U @p. PacknaasiBad B psag Tainopa, nomyunm:

T2 T2 T3

LPCC= 1+’j\’+7+... IPHF= 1+T1+71+T2+T3+T1T2+?1+-.. IPHF:

A +z CLwe + 42 CY wab 4 316 > chiwghe+.
ij,ab ijk,abc

rae V£, lPl‘]lb , ... - OMHOKPATHO, IBYKPATHO U T.J. BO30YXJICHHBIC KOHPHUTYPALIUU TTOCTIE
BO3/JICUCTBUS  OIEPATOPOB ’T’i. HUcxons W3 HEIMHEWHOro MPEACTaBJICHUS C
HCIIOJTb30BaHNEM DKCITIOHCHTHI, BCE YCEUCHHBIC BAPHAITUHM METO/1a CBSI3aHHBIX KJIACTEPOB
(CCD, CCSD) sBasitoTcss pa3MepHO-COrjiacoBaHHbIMUA. OOBIUHO I KJIACTEPHOI'O
omepatopa T OrpaHHUMBAIOTCS CYyMMOH OJHOKPATHBIX M JBYKPATHBIX BO3OYKICHHIL:
T=T,+T,. launsiii Metoxn 6yner HazsBaThest CCSD. Taroke omepaTop MOXKeT yUUTHIBATH
U TpEeXKpaTHbIC BO30YKIIEHHS, HO TOJBKO MO TEOPUU BO3MYIIEHHUH IS YIPOIICHUS
3amaun U Oynaer HaswbiBaThess CCSD(T) [62]. Pacuersl o TakoMy METOAY IO3BOJISIOT
JIOCTUTATh TOYHOCTH pacueTa ~1 KKaji/MOJb.

BaxxHo ckaszaTh, 4TO YKOPOYCHHBIC BapHAHThI METOJA CBS3aHHBIX KJIACTEPOB
SBJISIIOTCS  OAHOPE(PEPEHCHBIMU, TO €CTb OHU HE CIOCOOHBI MO CBOEH CTPYKType
OIHUCHIBATh CHCTEMBI, KOTOPhIC UMEIOT MHOTOpe(epEeHCHBIN XapakTep (00JIbIION BKJIaI
CTaTHYECKOU KOPPETAINH, TaKWe KaK OMpaguKaibl), 1 padOTal0T HAUIYUIIINM 00pa3oM
TOT1a, Korja pedepeHCHasl CHCTeMa BOJIHOBOW (DYHKITMH HETIOXO OIMCBHIBASTCS] OTHUM
nerepmuHanToM Crrefitepa. /i1 TPOBEPKHM NPHUMEHHMOCTH METOJA CBSI3aHHBIX
KJIACTEPOB B KaXKIOM KOHKPETHOM ciydae cymiectByer T1-muarHoctuka. OJta
JMAarHOCTHKA TTOKAa3bIBAET, HACKOJIILKO XOpOIIO OMMCHIBACTCS CHUCTEMa BOJHOBOM

bynkuueit Whr, koTopas 0epercs B KauecTBE OTIPaBHOM TOUKU METOa. | 1-muarnocTuka

PONOPIMOHANIbHA €BKJII0BOM HOPME BEKTOPa OJTHOKPATHO BO30YK/ICHHBIX aMIUIUTYI:

T, =

1
\/Nel
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OMIOMPUYECKHA YCTAaHOBJIEHO, 4TO HeBbICOKHME 3HaueHus T1 (<0,02) moarBepkaar0T
YMEpPEHHBIN BKJIaJl OJJHOKPATHO BO30YKIEHHBIX TETEPMUHAHTOB B BOJHOBYIO (DYHKIIHIO,
4TO 0003HAYAET XOPOLIee ONUCAHNE CUCTEMbI OTHOPE()EPEHCHBIMU METOIAMH.

B Oyaymiem, uccnenyst cBocTBa MHOI03J€KTpOHHOro ypaBHenus [lpenunrepa,
T. Karo [70] paccmoTpen rpaHWUYHBIC YCIOBHUS JJIi BOJHOBOW (DYHKIMH IPH y4ETe

3aBUCHUMOCTH OT MEXKAJIEKTPOHHOI'O pacCTOAHUA I12:

oY 1

% = E'ab(ﬁz =0)

T12=0

OnHako TaHHOE YCIOBHE HE coOIIoaeTcs s qerepmMuHanTa Crieitepa, moCTpOeHHOr o
Ha OJHOAJIEKTPOHHBIX OpOUTANSAX, YTO OOBACHAET OYEHb MEJICHHYIO CXOJIHUMOCTh
OTHOCHUTEJIBHO pa3MepoB 0a3ucHOTO Habopa noct-XP pa3IoKeHUN
nHTepdepeHIInoHHOoro THma. s perieHust 3Toi mpoOaeMbl ObLT MPEISIOAKEH Kilace
METOJIOB, MCHOJB3YIOIIMX BOJHOBYIO (YHKIMIO C SBHOW 3aBUCUMOCTBIO  OT
MEXKDIJIEKTPOHHBIX paccTosHui. CyIIeCTBYIOT pa3Hble MOJAXOJbl K SIBHOMY Y4YETY

KOppeJLnY, HanOoJiee YCIEITHBIM U3 KOTOPBIX OKA3aJIMCh MapHbIe TEOPHH, B KOTOPBIX

12 UCIIOJIB3YECTCA SIBHO B IMapaMETpU3alMH OII€paTopa TZ MCTOJAa CBA3AHHBIX KJIACTCPOB:

B OpOMTAIILHOM Oasuce T i)=Y 4> fiajb lab), a B T¢MHUHAJIBHOM
T,1ij)=Y, 13?01, G, (11, 01,7, 0,), tae Qy, — omeparop npoekruposarus, G, —

I'CMHHaJIbHas1 (I)YHKLII/ISI, KOTOpas 3aBUCUT OT MCIKIJICKTPOHHOT'O paCCTOSAHUA.

B meronax R12 u F12 ucnonb3yercs cMemanabiii 0a3uc:
1Py = zab rab G —
L) = 2 tij lab) + Z Ly QlZGﬂ(?l)! 01,73, 03)
a>b u
~ ~ ~ ~ X
CooterctBenHo ans Mmerona CCSD-F12 onepatop knactepa umeer Bua 1=1,+T,+T, ,
~ X

rae T, - IByKpaTHBIE BO30Y>KIE€HUS TeMUHATBHOIO THIIA:

1 Z
Tk __ ab zab
i,j,a,b

Riajb = (ij|01zf(r12)|ab).
f(rz) ~ v~ texp(—yry,)
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Pasnoxenne BoMHOBOW (PyHKIIMH MO KOH(UTYpalmusM BeIEeT K ClIaraeMbIM, KOTOPBIE
3aBUCHT OT I12, UTO JI€TIAET BOJHOBYIO (PyHKIHIO OoJiee THOKOW M TTO3BOJISIET KOPPEKTHEE
OIUCHIBATH O0JIACTH MPOCTPAHCTBA, MPUCYIIHE KYJTOHOBCKOW KOPPEISIIMOHHON JBIPKE.
CTouT OTMETUTh, YTO ISl SIBHO KOPPEIMPOBAHHBIX PACYETOB OBUTH pa3pabOTaHBI
crienuagbHble MOTU(PHUKAIIMA KOPPEISIIMOHHO-COTJIACOBAHHBIX 0a3MCHBIX HAOOpOB cC-
pVnZ-F12 [62].

1.2.4 Teopus Paiica-Pamcneprepa-Kacceasn-Mapkyca

Mopnens  Paiica-Pamcnieprepa-Kaccens-Mapkyca  [71,72] ocHoBana  Ha
OPEANONOKEHNH, YTO TMpEeBpalleHne aKTUBHOM MOJEKYJIbl IMPOUCXOAHUT TIOCIe
COCPEIOTOYEHHSI HSHEPrHH, PaBHOW WM MPEBBIMIAIONICH DHEPrui0 AaKTUBALMHU, B
OIPEETICHHON YaCTH MOJIEKYJIBI.

OKy(B*>E*+6E%)

A+M= (E*—)E*+6E*)+M’

Kk, p* %
(E%)
e ——5 A* = Ipoaykrsl,

1 d[A]_ j kaeydky (g g +55%) /K2

k= =
[A] dt 1+ kg /ka[M]

E*=E,
rne JE* — Manblii KOHCUHBI MHTEpBAJ SHEpruu, K’ — MOHOMOJIEKYJIsIpHAsT KOHCTAHTa
IIEpBOrO MOpsIIKa. B TaHHOM MeTo/1e KOHCTaHTa CKOPOCTH aKTUBAIMH Ki PACCUUTHIBACTCS
B paMKaXx KBAaHTOBOMEXaHMYECKOTO0 MOAXOAa Kak (YHKIMS HHEpruu (KOHCTaHTa
CKOPOCTH JIC3aKTHBAIUU K, KaK ¥ B MPEIIIECTBYIOIIUX TEOPUAX, MPEIIIOIAracTcsi He
3aBHUCSIIEH OT BSHEPrUM M NPUPABHUBAETCS YMCIYy CTOJKHOBeHUM). Eme onHoi
0COOEHHOCTBIO SIBJISIETCSI MCIOJIb30BaHUE Teopuu abcomoTHbIX ckopoctei (TAC) nmpu
pacuere Ka(E*). Cxema MOHOMOJIEKYJISIPHOM PEaKIMU BO MHOTOM aHAJIOTHYHA MOJICITH
Jlunnemanna—XuHmenbByaa  [71], Ho go0aBneHa  craaMs, — YYHTHIBAOIIAS
nepepacnpeiesieHus SHeprul B aKTHUBHOW MoJiekyne (A*), T.e. paccMaTpuBaercs
o0Opa3zoBaHUe M pachajl aKTHBUPOBAHHOIro KoMiuiekca (AY), B KOTOpoM NOJKHEI OBITH
coryiacoBaHbl U (pa3pl KoeOaHnii. AKTUBHAS MOJIEKYJa MPEJICTaBIsIET COOON MOJIEKYITy
A, xoTtopas o0jajaeT JOCTaTOYHOM 3HEprueu, 4ToObl BCTYNUTh B PEAKIHIO, OJHAKO

pacupeaciCcHue SHECPTUU HC ITO3BOJIACT HpOHBOﬁTH p€akKuun HEMCIJICHHO, a IMOTOMY
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paccMaTprBaETCsl MHOKECTBO KBAHTOBBIX COCTOSIHUI aKTUBHOW MOJIEKYJIBI, TJI€ TOJBKO
HEOOJIBIIIOE YNCIIO U3 HUX MOXKET 00pa3oBaTh MPOAYKTHL. {7151 3TOro BBOAUTCS MOHSITHE
aKTUBUPOBAHHOI0 KOMILJIEKCA, KaK MPOMEKYTOUHOM cucTteMbl. OH paccMaTpUBaeTcs Kak
MOJIEKyJla, KOTOpPOM COOTBETCTBYET Mayiag o0jJacTb Ha MOpopuie HSHEPruu
HNPOTSHKEHHOCTBIO O BJIOJIb KOOPAUHATHI PEAKIIUU.

JIns KOHCTaHTBI CKOPOCTH OOpa30BaHMsI AKTHUBHUPOBAHHOI'O KOMILJIEKCA MMEEM

CIICOAYIOMICC BBIPAKCHHUC!

et
kage) = s ZP E}
a(E*)_hN*(E*) * ( rv)'
ET‘U

rae N* — 4yucio KBAHTOBBIX COCTOSHHMM A* COCTOSHMIA, ZP(Efv) — CyMMa 4YHCell
KOJ'Ie6aTeJ'IBHO-BpamaTGHLHBIX KBAHTOBBIX COCTOSIHUM JJIA BCEX ypOBHeﬁ C SHCPFHGﬁ HC
0oJIBIIIE EI. ITocne KOPPCKTUPOBKHU BBIPAKCHUA OJII KOHCTAHTBI OTHOIICHUCM
CTaTUCTUYCCKHUX CYMM IJIA aI[I/Ia6aTI/ILIeCKI/IX BpaHICHI/Iﬁ B aKTUBUPOBAHHOM KOMIIJICKCE
(F/IF), a TakKke CTATUCTHYECKHM MHOXHUTeneM LY, KOTOpHIi XapaKTepusyer
BO3MOXHOCTHU p€aKnn naTu 10 HCCKOJIbBKUM Pa3JINYHBIM OHCPIrCTUYCCKHU
OKBUBAJICHTHBIM ITYTSM.

LR X PEL,)

a(E") F hN*(E")

Torma BeIpaskeHNE KOHCTAHTHI CKOPOCTH MEPBOTO MOPsiiKa OyAeT BBITISAACTh KaK:

© s _E E*=Eo+E* _E*. o E*
. F* ] [XP(EF)]eCRPAE* 4p—apt L¥FeCRD J [ P(EF)]eCRDAEY
f———

RE 1+ Ko/l M] RE ] T (st /alM]

k' =1L

PaccMoTpuM BakHbIE TMIpelENbHBIE YCIOBUS JABJICHUW [UI1 JAHHOW TEOpUU U
MOJTyY€HHOW KOHCTAHThI CKOPOCTH. B mpenesne BBICOKUX TaBJIICHUH KOHEYHAst KOHCTAHTa
CKOPOCTH CTaHOBHUTCSI HE 3aBUCAILECH OT JABJIICHUS KOHCTAHTOW IEPBOrO IOPSAIKA U
BBIPAXKAETCSA KaK:

+ E

— — oCxr
hF¢

HpI/I O4YCHb HHM3KHX HABJICHUAX KOHCTAHTA CKOPOCTH IICPBOIO IIOPAAKA CTAHOBHUTCA

ko =L

HpOHOpHHOHaHBHOﬁ JABJICHUIO, TOI'Td KOHCYHASA KOHCTAHTA BBIPAKACTCA KaK:
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(0]

k' k E* k,F

: 2 e 21

ki = lim — =— N*(E*)e( kT dE* =,
E*:Eo
rae F; o003HavaeT CTAaTUCTUHYECKYIO CYMMY JJII aKTHUBHBIX MOJIEKYJI, PACCUYUTAHHYIO IIPHU
2
YCIIOBUHM BBIOOpPAa OCHOBHOTO COCTOSHHS 3a Hadaylo orcdyera. Ecimm paccMoTperh
AKTUBUPOBAHHBIA KOMILIEKC 32 HAYaJI0 OTCYETa MOTYIHM:

£
k,F;

&)
FZ

k] = e

1.3 Meroauka uccjiea10BaHuU

PacueTsl CTPYKTyp BCEX peareHTOB, MPOAYKTOB M IEPEXOJHBIX COCTOSHHUMN
BBITOJIHSUIUCH C MIOMOIIbI0 KBAHTOBOXUMUYECKHUX MPOrpaMMHBIX makeroB Gaussian 09
[73] u MOLPRO 2010 [74]. BblmciaeHHs TPOU3BOAWINCH B  CICIYIOIICH
MOCIIEeI0BATEIILHOCTH:

1)  OnTuMM3anudyd  TEOMETPUH peareHTOB, IPOJYKTOB, IPOMEKYTOUHBIX
IIPOJYKTOB M TEPEXOIHBIX COCTOSHHUH, ydacTByronmx B peakmnusx CH + SiH,/GeH,,
C;H+C3H3/C7H7, CsHs+CH3/CoH7; npoBoamiuch ¢ MCHONB30BaHUEM METOJAA TEOPUU
¢dynkuuronana miotHoctd B3LYP [1,2] ¢ 6asucHbiM HabopoM [Toruta 6-311G(d,p) [75]
U JBoWHOro rubpumHoro QyHkiuoHama B2PLYPD3 [76] ¢ ©OasucHbiM HabopoM
Januuara cc-pVTZ [77]. YactoThl kojieOaHMi M TONPABKUA HAa SHEPTUI0 HYJIEBBIX
kose0anuit (ZPE) ObUTn paccunTaHbl Ha TE€X K€ YPOBHIX TEOPUH.

2) 3aTeM OJHOTOYCYHBIC OSHEPrUU ONTUMH3MPOBAHHBIX CTPYKTYp OBLIH
NepecYnTaHbl Ha YPOBHE TEOPHUH SIBHOKOPPEIUPOBAHHBIX CBS3aHHBIX KJIaCTCPOB
CCSD(T)-F12/cc-pVQZ-f12 [78,79] B pamkax TEOpPHH CBS3aHHBIX KJIACTEPOB C
OJMHOYHBIMH M JIBOMHBIMH BO30YXKICHUSMH, a TAKKE TPOWHBIMH BO30YXKICHUSIMH B
npezene mojaHoro 6asuca. OHAKO JaHHBIA METOJ HE BCErJa SBJSIETCS yIO0OHBIM JIs
pacyeToB OOJIBIIIMX CHCTEM, TIOTOMY OBUI KCIIOJIb30BaH KOMIIO3UTHBIM METOJ
G3(MP2,CC) [3,80] npu okOHYATEIHLHOM IEpecYeTe TOUCUHBIX DHEPrHil B OOJBIIHMX
PEaKIIMOHHBIX CUCTEMaX, Iie 00Ias SHEPrUsl pAaCCUNTHIBACTCS KaK:

E[G3(MP2,CC)] = E[CCSD(T)/6-311G**] + E[MP2/G3Large] — E[MP2/6-
311G**] + ZPE,
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rne CCSD(T) — wMeroq CBsI3aHHBIX KJIACTEPOB C OJHOKPATHBIMH, JBYKPATHBIMU
BO3OYXKJIEHUSIMU U TpPEXKpaTHbIMU BO30yxknaenusmu, MP2 — wmetog Tteopuu
BO3MYILICHU U Memnnepa-I1necce BTOPOT'O MOPSJIKA,

AEwp, = E[MP2/G3Large] — E[MP2/6-311G**] mpencraBisieT co00il MOMpaBKy
0asucaoro Habopa (G3Large) k suepruum CCSD(T)/6-311G**, BBIUMCICHHYIO Kak
pasHocth 3Hepruii MP2 mexny 6a3ucupiMu Habopamu 6-311G** u G3Large.

MexaHu3Mm peakiu paJuKajoB O€H3WIa W Mpomapruja TakXKe BKIOYACT
HECKOJIbKO OWpaJNKaIBbHBIX COCAMHEHUN (CHHIJIETHBIX COCTOSIHHM C OTKPBITHIMU
000JIOUKaMH), JJIsl KOTOPBIX ONTHMH3AIMS T€OMETPUM M pacyeThl YacTOT KojeOaHUM
BBITNIOJIHEHBI C HMCIIOJIb30BaHUEM HeorpanndeHHoro moaxoma UB3LYP/6-311G(d,p), a
MOJIHBIE PHEPTUM YTOYHEHBI B paMKax KOMIIO3UTHOT'O TPHUILIET-CHHTJIETHO-IIIEIEBOTO
metona [81]:

ES = E'[G3(MP2,CC)] + AE*T(CASPT2(10,10)/cc-pVTZ) + ZPES,
rae E'[G3(MP2,CC)] — sueprus G3(MP2,CC) tpumnerHoro coctosuus 6e3 ZPE mpu
ONTUMU3UPOBAHHOMN reOMETPUU C OTKPBITOU 000JI0YKOH,
AEST(CASPT2(10,10)/cc-pVTZ) — pasHHIA DHEPruil CHHIJIETHOTO M TPHIUIETHOTO
COCTOSIHUM, pacCuMTaHHasi C MCIOJIb30BAaHUEM MHOTOKOH(UTYpaIllMOHHOTO METO/a
Teopur Bo3MyIleHui BToporo nopsaka CASPT2 [68,69] ¢ akTHBHBIM MPOCTPAHCTBOM,
cocrosimiuM U3 10 35eKTpoHOB, pacnpeneneHHbix mo 10 opOutansim u ¢ 6a3ucom CC-
PVTZ [77], ZPE® - nonpaBky Ha JHEPrUIO HyJIEBHIX KONeOAHN CHHITIETHOTO COCTOSHUSL.
Ha oTcyTrcTBue 3HaYMMOro MHOTOpe)epeHCHOTO XapaKTepa BOJMHOBBIX (DYHKIMA BCEX
paccMaTprBaeMbIX B HACTOSIIIEM HCCIICIOBAHUHU BUIOB YKa3bIBAIOT HU3KUE 3HAUCHUS MX
T1 guarnocruxwu [82].

3)  3aBucsmMe OT TEMIEPATYPhI U JaBJICHUS (PEHOMEHOJOTHYECKUE KOHCTAHTHI
CKOpPOCTH PA3JI0KCHHS PaIUKaIoB ObUIM PacCUMTAaHBI METOAOM OJTHOMEPHOTO MOXO0/a
PPKM [5] npu wucnonp3oBanmu mnakera nporpamm MESS [83]. B obOmem ciydae
NpUOJIMKEHHE  JKECTKOro  poropa  rapmonumdeckoro  ociuumitopa (RRHO)
MCIONIb30BAJIOCh B pacderax CTaTHCTUYECKOW CYMMBI, B KOTOPBIX HCIOJIb30BAIMCH
YTOYHCHHBIE OTHOCHUTEIBHBIC HDHEPTHM W MOJCKYJISPHBIC IMapaMeTphl, TaKHE Kak

TE€OMETPUU CTPYKTYP M YaCTOTHI KosteOaHnii. CTONKHOBUTEIBHBINA IEPEHOC YHEPTUU TIPU
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BBIYMCIICHUH KOHCTAHT CKOPOCTEH OMUCHIBAJICS MOEIBIO «3KCITOHEHITUAIILHOTO CITyCKaY
[84] ¢ TemmepaTypHO# 3aBHCHMOCTBIO MPEAEIBHOTO MapamMerpa «, OMHMCHIBAIOIIEIO
CPEIHIOI TEepeNaHHYI0 OJHEPrUi0 MpPU JIC3aKTUBUPYIONIUX CTOJKHOBEHHUSX, KakK
a(T) = a300(T/300 K)". st paccMaTpuBaeMbIX MEXAHU3MOB PEAKIMU MCIOIb30BAIKChH
napaMeTpbl Je3akTuBauu u JleHnapaa-/[>koHca B COOTBETCTBHM C paHEe W3yUYCHHBIMU
aHAJOraMH MccienyeMbIx peakmuit [17,18,85]: ¢ = 390 e, o = 4,46 A, n = 0,62,

0300 = 424 cmt

i onucanust peakuui C OydepubiM razom N,. Taxke oTnenbHO
paccMaTpUBAJIUCh JOMOTHUTEIbHBIE MapaMeTpsl At peakinu CsHs + CHs: e =230 cm?,
o=401A n=0,7 ao = 333 cM?, 4TOGHI CPaBHUTH MOJNYUYEHHBIE B AUCCEPTALMH
pe3ynbTaThl ¢ paHHEH padoToit [86], rae B kauectBe OydepHoro raza O6bu1 BeIOpaH Kr.
3HaueHUsl CTOJIKHOBUTEIbHBIX MMapamMeTpoB AJisi OOibLIOro 4ucia OydepHbIX ra3oB
pUBE/ICHBI B psiae pador [87,88,89]. Mcmonb3ys 3Tu JaHHBIC, MOKHO OLICHUTH 3HAYCHUS
M U3MCHEHHMS KMHETUYECKHUX KOHCTAHT PEAKIUU, UCCIEAYEMbIX B JTUCCEPTAIIMOHHOU
paborte, 1s1 IPYTUX ra3oB. Mojiens rapMOHUYECKOT0 OCIIILISTOPA - dKECTKOT'0 POTaTOpa
(RRHO) ucnonn3oBangach IS BBIMUCICHUS KOJIMYECTBA COCTOSHUN JUIS MEPEXOIHBIX
COCTOSTHUM U IJIOTHOCTH COCTOSIHUM JJI COOTBETCTBYIOIIMX JOKAJIbHBIX MUHUMYMOB. B
pacyerax MmepexoHOr0 COCTOSHUS MPUMEHSIIACh TYHHEIbHas monpaBka Dkkapta [90].
3aBHCHUMBIC OT SHEPTUU KOHCTAHThI ckopocTh s peakiuit CH + SiH,/GeH, 6pun
paccuMTaHbl B paMKaX rapMOHMYECKOTr0 MPUOTUAKEHUS ISl BCEX MOHOMOJICKYJISIPHBIX
IaroB peakiuii ¢ ucnoib3oBaHueM Tteopur PPKM mpu momoiny yHUKaIbHOTO KOAA
Unimol [91]. HdocrymHast BHYTpeHHssE SHeprus Oblia B3siTa KaK CyMMa OSHEPIHi
CTOJIKHOBEHHMS U aKTUBallUM. PaccmaTpuBaics TOIBKO OAWH SHEPreTUYECKH YPOBEHB
JUISL TIpeJieNia HYJIEBOrO JaBJICHHS, KOTOPBIA COOTBETCTBYET YCJIOBHSIM CKpEHICHHBIX
MOJIEKYJIIPHBIX My4koB. Jlnms kaHamoB moreph H, KOHCTaHTBI CKOpPOCTH OBLIH
paccuyuTaHbl C HCIOJB30BAHHMEM MHUKPOKAHOHHYECKOW BApUAIMOHHON TEOPHUH
nepexoaHoro coctossaus (VTST) [92-94]. UtoOsI onpenennT MUHUMAIBLHOS 3HAUCHHC
KOHCTAHTBI CKOPOCTH OTIIeIieHus: H 1711 KOHKpeTHOTo KaHaja, Tpoduiib MUHUMAaJIBbHON
noreHIabHoN dHeprun (MIID) ckanupoBaym Bojb paspeiBa cBsizu Si-H/Ge-H umm

C-H. Koncranter ckopoctt PPKM m VTST 3areM wncCmonp30Bamuch UId pacyera
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KOA((DUITMEHTOB BETBJICHHS TMPOAYKTAa MYyTEM pPEIICHHS KUHETHYECKUX YypaBHEHUUN
IIEPBOTO MOPSIIKA B CTallMOHAPHOM mpuOkennn [91,94].

KoncranTta ckopoctd, 3aBucsllass OT SHEPrUM M YIJIOBOTO MOMEHTA, st
HavyaJapbHOU 0e30apbepHOM accolMaluyd pPaJuKalioB OeH3wia W Mpomapruia Oblia
paccuuTaHa C UCIHOJIb30BAaHMEM TEOPUHM IEPEXOJHOI0 COCTOSHUS C BapbUpPyeMOi
koopauHator peakiuu (VRC-TST) [95-97]. [lyis MHOrOUYMCIEHHBIX 0€30aphepHBIX
peaKIui Juccolranuy Oblia HCIoab30BaHa Teopus (ha3oBoro mpoctpancTa [98] mis
OLIEHKH 3aBUCAILIUX OT S3HEPTHH U YIJIIOBOIO MOMEHTA KOHCTAHT CKOPOCTU UX OOPaTHBIX
peakuuii OMMOJIEKYJISIPHOM accolMaliui B Tipejienie  Bhicokoro mgaBiieHust (BJI).
[Tokazatenu creneHu U KOd(PPUITMEHTHI 1JIs TOTEHIIMAJIOB B pacueTax Teopun GpazoBoro
IpPOCTpaHCTBAa ObUIM MOAOOPaHbI TakK, 4YTOOBI KOHCTaHThl CKopocTH Tmipu BJ]
COOTBETCTBOBAJIM KOHCTAHTAM CKOPOCTH OJIMKAWIINX aHAJOTHYHBIX  PEAKIIHH -
MPOTOTUIIOB, OIleHEHHBIX B pabore Kmunmnenmreitna u nap. [99], a Takxke B pabote
Mopososa [100], B pamkax HanOosee Tounbix VRC-TST pacueroB. PeakiimOHHBIH TOTOK
B JJAHHOM METO/I€ OLICHMBAETCS MyTEM BapUAIIMOHHON ONTUMHU3AIIUH YHCIIa COCTOSTHUM B
KJIACCUYECKOM (Pa30BOM IPOCTPAHCTBE, OMPEAEIIIEMOM MTOBEPXHOCTBIO pa3/iesia MEXy
B3auMoiecTByroMu  pparmentamu [96]. BzaumonelcTByromme KOMIUIEKCH CO
CIIy4aiiHOM opueHTaluel Ha TOBEPXHOCTH pasjielia ObLUTU MOyYEHbI C UCIOIb30BAHUEM
“KeCTKHX’ CTPYKTyp O€H3Wja W MpoIapruiia, pacCYMTaHHBIE MJII MHHAMAIBHOTO
sHepreruueckoro nytu (MJI1) Ha pa3znenstonieit noBepxHocTH. ONTUMHU3ALUS CTPYKTYP
MDOII nns BXOAHBIX KaHAJIOB PEaKIMU OCH3WII + MpOHapruj IMpOBOAMIACE HA YPOBHE
teopun CASSCF(12¢,120)/DZP [101-103] ¢ ypaBHOBEUIEHHBIM YCpEIHEHUEM
COCTOSIHUSI BOJTHOBOW (DYHKIIMHU IO IBYM HMKHUM ayOseram. MOII ckanupoBaics mytem
(buKcUpoBaHMS COOTBETCTBYIOMIETO paccTtosiHus cBsizu C-C, B TO BpeMs Kak Apyrue
CTeNEHW CBOOOABI OBUIM ONTUMHM3UPOBaHBI. AKTHBHOE mpocTpaHcTBo (12e,120)
BKJIIOUAJI0O T-CHCTEMBbl KaK TWpomaprujia, Tak U OeH3mia, a TakkKe SJICKTPOHOB,
YYacTBYIOIUX B pa3pbiBe/00pa3oBaHuU CBS3H. /{7151 CXOAMMOCTH MHTErpajoB (pa3oBOTO
MPOCTPAHCTBA JUIA KaXJOH TOYKHA PA3ACAIoONeii TIOBEPXHOCTH C  ITOMOIIBIO
oqHOTOUYEeYHBbIX pacueToB Ha ypoBHe CASPT2(12e,120)/cc-pVDZ Obun OIICHEHBI

sHeprun okono 5000 koHpopMamuii “¥KecTKUX’ OCH3WJ + MpOomaprui KOMILJICKCOB.
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BeruuciienHas 3Heprus ObUIa JONMOJHUTEIBHO YTOYHEHA C ITOMOIIBIO CITCIIHATBHBIX
OJTHOMEPHBIX TOMPABOK Ha MOJIHBINA 6azucHbIi Habop (IIBH) cnenyromum obpazom:

E = E, + AE[TIBH],
raie Ex — nHeprus omuHounoit touku CASPT2(12e,120)/cc-pVDZ cTpyKkTyphl Ha
pa3ienAmomedl MOBEPXHOCTH, COCTOSIIIENM U3 B3aUMOJICUCTBYIOIIUX  ““KECTKHUX

(GparMeHToB.
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I'naa 2. UcciienoBanue peakuuii METHHA ¢ TeTPAruApHAaMHU, COAEPKANTUMHU

3JIeMEHThbI MOATPYIIIBI Yrijiepoaa

[Ipeanonoxkenne 06 N30BAJIEHTHOCTU, B KOTOPOM «JIBa MOJIEKYJISIPHBIX O0OBEKTA C
OJIMHAKOBBIM YHCIIOM BAJICHTHBIX JJIGKTPOHOB HMMEIOT CXOXHUW XUMHYECKHUH COCTaB)»
[104], 6p110 OCHOBOIONIATAIOIINM JIJIsl TOHUMAHHUS TJIABHBIX IPUHITUIIOB MOJICKYJISIPHOM
CTPYKTYpbl U PEAKIIMOHHOM CIOCOOHOCTH W30BAJICHTHBIX CHCTEM, a TakKXke s
IIPOJIBIDKECHHUS COBPEMEHHBIX KOHIIETIINI Xumuueckux cBsseit [105]. Ocoboe BHMMaHME
YACNSAETCS PEAKIMOHHBIM CIIOCOOHOCTSIM HWHTEPMENHNATOB, COJEPXKAIIMX OCHOBHBIC
AJIEMEHTHI TIOATPYIIIIBI YTiiepoa, Takue kak yriepon (C), kpemunii (Si) u repmanutii (Ge),
KOTOpBIE UMEIOT YEThIPE BAJICHTHBIX DJIEKTPOHA U, CIEAOBATEIIbLHO, N30BAJICHTHBI. XOTS
KOHLIeNIMS JIPHTMIOpa TpenycMaTpUBaeT, 4YTO MOJEKYJSIPHbIE CTPYKTYpPhl U
XMMHYECKHE CBS3M H30BajJeHTHBIX cucreM stuiaeHa (CoH4), mucmmena (SipHg) u
nurepmena (Ge;H,) 10/KHBI OBITh HACHTUYHBI, PaKTHYECKasi TeOMETPHS TaHHBIX CHCTEM
3aMmeTHO paszimuaercsa [106]. Cummerpuunbiii stuneH (CyHg) sBISETCS TUIOCKMM |
MIPE/ICTaBIISIET COOO0M TJI00AIbHBIA MUHUMYM Ha MOBEPXHOCTH MOTEHIIMATBHONU SHEPTUU
C,H, (ITIID) ¢ o6onMu aTOMaMH yriIeposa, HMEIOMMMHU SP>-rudpuansanuo. Jus 6onee
Tspkenoro ananora CpHs o Hemockol cTpykType BriepBble cooOumin Mapkec u p.
[107]. TepmomuHamuyecku craOWibHas 4actuiia SipH; — TpaHCH30THyTas MOJEKyJa
mucuiiena (Si;Hg) — umeer Toueunyro rpymy Con, IPH 3TOM KaXKIIbIA U3 JBYX aTOMOB
KPEMHHUS HaXOUTCS B COCTOSIHMM Sp>-rubpuauzarmu (pucynok 2.1) [108]. CrabunsHas
yactuiia Ge,Hy — TpaHcu3ornyras Moniekyia agurepmena (Ge,Hs) — Taroke OTHOCHTCS K
toueuHou rpymie Cp, U CONEPKUT JBa aToMa T'epMaHUs, B KOTOPHIX KaXKIbI aTOM
repMaHds HAXOAUTCA B COCTOSHMH sp -rubpupmszamuu (pucynox 2.1) [108]. Dtu
OTKPBITHS MTEPBOHAYATILHO TTOKA3aJIM, YTO KPEMHUI U repMaHuil (B pe3KOM KOHTpACTe ¢
yIJIEpOJIOM) TOYTH HE 00pa3yroT JBOMHBIC CBS3M KPEMHUM-KPEMHHI/TepMaHU-

repMaHuii u3-3a OOJIBIIMX KOBAJIECHTHBIX PAJMyCOB JaHHBIX AaTOMOB, KOTOpbIE HE
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MO3BOJIAIOT aTOMHBIM 3pz- u 4pz-opOutansiM cOIMXKaTbCs il 0Opa3oBaHUS T-

MOJICKYJISIpHBIX opouTanei [109].

Dyy; ! Alg; 0 C,; 3A"; 291
(2)
A0 Ci'A%u27 Cy:'As30
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3! \l Ci'A 18 C: A" 201
(Y] (%)
.
& {: " ‘ h KX J
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Cap A3 0 C,: 1A% 14 Cy; 1A 20 Caps 'Ag; 48 Covi Aps ST
®) (10) (1) (12) 13)
gj « ! (% : §
51450 Cay; 'A); 45 C,;3A"; 265
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Pucynok 2.1 — CTpyKTypbl, TOYEUHBIE TPYIIIIbI, JIEKTPOHHBIC BOIHOBBIC (DYHKITUU
OCHOBHOT'O COCTOSIHUS U OTHOCHUTEJIbHBIC dJHEPTUH (KJ[>K/MOIIb) TOMO- U T€TEPOSIEPHBIX
TETPAruAPUI0B OCHOBHBIX 3JIEMEHTOB I'pyIMbl [V, BKIIOUAOIUX Yraepo (Cepbli),
KpeMHUM ((ProJeTOBBIN) U repMaHuii (3€JICHBIN) ¢ aTOMaMH1 BOJIOPO/Ia, OKPAIIICHHBIMU B

O€JIBIi LIBET
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Pa3HooOpa3Hble  AJNEKTPOHHBIE  CTPYKTYpPhl 3TUX CHCTEM MOTYT  OBITh
MpOAEMOHCTpUpOBaHbl Ha mnpuMepe Cs-CUMMETPUYHOIO TPHUIJIETHOTO COCTOSTHUS
metuakapoeHa (CH3CH) u cunrierHeix cocrostamin crmicuamiaeHa (SiHzSiH) u
repmuirepmmiieHa (GeHs;GeH), uzoOpakarommx TpUILIET-CUHTJIETHBIE M CHUHTJIET-
TPUILIETHBIC pacinerienus Buga 16-25, 54-56 u 77-95 k/[»/Monb, COOTBETCTBEHHO
[110]. D10 oTpaxkaer cTaOMIBHOCTH OWSJCPHBIX COCIUHEHHI HA OCHOBE T€pMaHHs U

KpEMHH:1 C BOJOPOJHBIM MOCTHUKOM.

XOTs 3HAYUTENIbHBIC UCCIICOBAHUS ObUIA TTOCBSIIECHBI TOHUMAHUIO XUMUYECKON
CTPYKTYPBI M CBsI3H ToMosiiepHbIx cucteM (CoHy; SipHs; GeoHy), HeoOxoaumMo yaeauTsb
BHUMAaHUE TIIATEIbHON SKCIEPUMEHTAIBHON XapaKTEPUCTHUKE 00pa30BaHUs CBOOOIHBIX
rereposinepubix yactuil SICH, u GeCHy. Tlocrne Toro, kak ['ycelbHUKOB | Jip. BIIEPBBIC
noyari 1,1 -1uMeTuiICHIIEH B KauyecTBE MPOMEKYTOUHOrO Mpoaykra nupoausa 1,1-
auMmeTni-1l-cunanukinooyrana [111], uHTepMearaTaM CHJICHA YICISIOCh 3HAYMTEIBHOC
BHUMaHHE B cooOIIecTBax (u3ndeckoi (He)opranmdeckoit xumuu [112]. B 1981 roay
bpyk u np. cuntesupoBanu (MesSi),Si=C(OSiMe;) — nepBbIii cTaOWIIBHBINA CUJICH TPH
KOMHATHOM TeMIEpaType, JEMOHCTPUPYIOIIUNA IJIOCKOE PACIOIOKEHUE 3aMECTUTENIEH,
CBSI3aHHBIX JIBOMHOHM CBsI3bI0 KpeMHui-yriiepon [113]. Baiibepr u ap. cooOmmam o
cuHTe3¢e 3JeKTpodmibHOM Monekynbl Me,Si=C(SiMet-Bu,)(SiMe3) [114], necymiei
aJNIKWJIbHBIE 3aMECTUTENN Y KPEMHHUSI ¥ TPUAJIKUJICUITHIIBHBIC TPYIIIHI y aToMa yrieposa
[115]. Curen (H2C=SiH;) 6511 momyuen npu 10 K B MmaTpurie aprona B 1981 rony [116],
ero CTpykTypa Obliia u3y4eHa B pabote baiié u np. [117], a mozxe Maiiep u ap. IOTYIHIIN
uzonupoBanHbii cuiieH (H2SICH,) BMecTe ¢ ero TepMoinHaMUYECKH MEHEee CTaOMIbHBIM
nzomepom MmermiacummiieH (HSiCHj3) (+10 xJ/[k/Moib) B HU3KOTEMIIEPATYPHBIX
aproHOBBIX MaTpHIAX W UCCIEAOBAIM X (POTOXUMHUUECKOE MpeBpalleHue npu 254 am
(471 x1x/momp) 1 400 HM (299 KJI5K/MOJIB) — 3TO SHEPIHH JOCTATOYHO BBICOKHE, YTOOBI
npeogonetb OGappep 152 kJlk/Monb mis mepexoma BOJAOpOJa OT KPEMHHS K aTOMY
yraepoaa [118]. Tperuit uszomep cummnkapoena (HCSiHjz) [119] ne naGmomamcs.
bennerT u np. HaOmoaam oopa3oBanue kak cuiieHa (H,SICH,; 6), Tak u MeThIIcHIIrIeHa

(HSICH3) B HH3KOTEMIIEpaTypHBIX CHJAQHOBBIX MATpHIIAX M HCCICIOBAIN HUX
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pasnokenue 10 Mmetriacumananta (SiCHs) u cunennna (HoCSiH) [120]. beiia nsydena
razoda3Hass KUHETHKAa peakiui repMmiieHOB [121] u BmepBble 3KCIEPUMEHTAIBHO
oxapaktepu3oBaH MmetwirepmuwicH (HGeCHs; 8) mMeromom na3epHOro HMMITYJIbCHOTO
dotommza 1,3,4-TpUMETUITEPMALIMKIIONEHT-3-€Ha; OBbUTM H3MepeHbl Y D-CHeKTp u
KOHCTaHTBI CKOPOCTH ero peakiuii ¢ 10 pasmuunbiMu cyoctpatamu [122,123]. Pacyersr

BHCKTpOHHOﬁ CTPYKTYPHI IIPCACKa3ain CYIICCTBOBAHNC TPECX CTPYKTYPHBIX U30OMCPOB.

DHepreTudeckue TMPEANOYTEHUS CHUHIJICTHBIX COCTOSHUNM — METHJITepMUJICHA
(HGeCH3) u mermncumunena (HSICH3), Ho Tpumiernoro merunkapoena (CH3;CH)
MOKHO OOBSICHUTH C TOMOIIbIO TEOPUH BaJEHTHOM CBsI3U (pUCYHOK 2.2). 311€Ch YTIEPOA
uMeeT OJM3KUE IO SHEPruu BaJIGHTHBIE 2s- W 2p-opOuTanud. DTO O3HA4YaeT, 4To
MIPOJIBIDKEHHE DJICKTPOHA U3 2S- B 2p- W ruOpuausanus 2s- U 2p-opOuTajneil BechMa
6naronpuaTHel. [103TOMy B KapOeHaX 37IeKTPOHBI aTOMA YIJIepoja Sp>-THOpPUIN30BaHbL;
€ClIi paccMaTpUBaTh JJIEKTPOHBI, JOCTYIHBIE [JIsi CBS3U, UMeeTCs 4 BaJIEHTHBIX
HeCTapeHHbIX AIEKTPOHA, TPH U3 HUX HA THOPUIHBIX SP>-OpOUTATIAX M MOCIEAHHI Ha Py-
opOuTanu atoMa yriaepona. Tak, Hampumep, JUIA MeETHJIKapOeHa JBa Sp°-dIeKTPOHA
00pa3yroT CBSI3U C BOJOPOIOM M METHIILHOM T'PYTINOH, a IBa OCTAaBLIMXCS €I1I€ HECTTAPEHbI
U 1o mnpaBuily XyHAa JOHKHBI MMETh MapalielibHble CHUHBI, OTCIOJIa U BBITEKAET
TPUILIETHOE OCHOBHOE COCTOSHUE. JTO KOJMYECTBEHHO MOATBEPKIACTCA AHAIN30M
3aceneHHOCTel ecTtecTBeHHBbIX cBsA3eil (3EC), mokassiBatomumM, yto B Tpuriere CHCH 3
aToM yriepoaa MeTuHa BHOCUT BKaad B cBsa3u C-C u C-H Ha cBomX sp>-THOPHIHBIX
opoutamsix (30% s u 70% p), Torma kKak JBa HECHAPEHHBIX 3JEKTPOHA SBISIOTCS
JIOKAJTM30BaHbl MO THITY OJMH Ha Sp>-ruOpuan3oBanHoii (34% s u 66% p), a apyroii Ha
yycTol p-opbutamu atoma C. I'mOpuamsarms sp’ Taxke cornacyercs ¢ yriom HCC
(133°, pucynok 2.2) B tputuiere CHCHj. C apyroit cTropoHbl, repMaHHi ropas3io MeHee
MOABEPXKEH  MPOMOTUPOBAHUIO W  THOpUIM3AMM  HK3-3a  Topas3no  Oosblien
HHEPreTUYEeCKor 1menu Mexnay 4s- u 4p-opOutansmu. be3 mnpomotupoBaHus u

I‘I/I6pI/II[I/IBaI_[I/II/I FepMaHI/Iﬁ HNMCCT TOJIBKO ABa 4p-3J'ICKTpOHa, JOCTYIIHBIX OJIAA CBA3BIBAHUA,
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TOorga Kak ABa 4S'3JICKTp0Ha OCTAar0TCA CIIapCHHBIMU H, CJICOOBATCIIbHO, COXPAHAIOTCA

KaK HeroieneHHas napa. P-anekTpoHsl

methylcarbene (T) methylcarbene (S)
Cg;3A"; 0 C,; 'A" 12

methylsilylene (S) methylsilylene (T)
Cg 'A'; 0 C,; 3A"; 80

&

methylgermylene (S) methylgermylene (T)
Cy; 'A% 0 C; *A"; 45

Pucynok 2.2 — MonekynsipHble CTPYKTYPbI, TOUEIHBIC TPYIIIHI, OTHOCUTEIbHBIC
sHeprur (kJ[>x/Monb), JTMHBI CBsI3el (ITM) 1 BRIOpaHHBIE YTIIBI CBSI3eH (Tpaxychl) s
tpuruietHoro (T) u cunraernoro (S) metunkapoena (CH3CH), metuncunmiena
(HSICH3), metmirepmunena (HGeCH3). Yriepon, kpeMHuUi, repMaHui U BOJOPO/

UMEIOT Cepblii, (PMOJIETOBBIN, 3€TI€HBIN 1 OeNbIi I[BETa COOTBETCTBEHHO
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00pa3yIoT CBA3M C BOJOPOJIOM U METUIILHOW TPYMION C BaJCHTHBIM yIJOM, OJIM3KUM K
90° (93,4°) B CHHIJISTHOM COCTOSHUM METWJITCPMHJICHA, TOCKOJBbKY 4p-opOuTaiu
B3aMMHO MEPIEeHIUKYJIISIPHBI APYT apyry. ClieaoBaTeabHO, BCE JEKTPOHBI CIAPUBAIOTCS,
YTO NPUBOJUT K CHHIJIETHOMY OCHOBHOMY cOCTOsSHUIO. Ormsarh ke, aHanu3 30C
MOJTBEPXKJIAET ATy KapTUHY, MTOKa3biBasi, 4YTO B cuHIIeTHOM coctosuun GeHCH; atom
(Ge BHOCHUT IIPeUMYIIECTBEHHO cBoU p-opouTanu B cBsi3u Ge-C u Ge-H (cooTBETCTBEHHO
86% u 89%), Toraa kak HenoeneHHas napa Ha Ge B OCHOBHOM BKJTIOUAET BKJIAJl OT €T0
S-opoutanu (78%), 1 UMEeT MECTO JIMIIb HEOOJBIIOE CMEIIMBAHUE MEXIY S- U p-

opoutansimu Ge.
2.1 OO0pa3oBaHue cujIeHA B peaKIIiy MeTHHA M CHJIaHA B ra3oBoii ¢gase

JlaHHas TJIaBa ToBecTByeT O razodasHom obOpazoBanum cuieHa (H,SICH,) B
YCIIOBUSIX OJHOKPATHOT'O CTOJIKHOBEHUSI B pPE3yJIbTaT€ »dJIEMEHTApHOM peaKIuu
paaukanoB mMetuHa B ocHOBHOM coctosHuu (CH) ¢ cumanom (SiH4), oObenunsis
AKCIIEPUMEHTHI CO CKPEIICHHBIMU MOJICKYJISIPHBIMU ITyYKaMH U TEOPETUUYECKUE PACUEThI
MeXaHU3Ma peakluyd. XUMHUYecKas JUHAMHKa HAauMHAETCS Ha TMOBEPXHOCTH Jy0JieTa
yepe3 6e30apbepHOe BHEIPEHUE pajiiKaia METHHA C €r0 aTOMOM YTiiepojia B KpeMHHU -
BOJIOPOJIHYIO CBsI3b, 00pasys cummaMmerwioBelii (CH,SiH3) wuHTepMenuat. DTOT
MPOMEKYTOUYHBIN TPOIYKT MOXKET TEpATh aTOM BOJOpOJia C OOpa30BaHHMEM CHUJICHA
(H2SICH;) wmu mepeHOCHTh BOJOPOI OT KPEMHHS K aToMy YIJIepoja, MPHBOIS K
POMEKYTOUHOMY panukany Metmicrmia (SiH,CH3) o ero pasioxkeHus yepe3 moTepro
aTOMapHOTro BOJIOpojia U3 MeTHiIoBoM rpymbl B cuiieH (H,SICH,). Drta cucrema moxer
ObITh KJacCH(UIMPOBAHA KaK MPOTOTHI JIJIi BBISICHEHUS TOCIEACTBUNA peaKIuu
MPOCTEHIIIEr0 OpPraHWYEecKOro pajvkaia (METUHA) C MPOCTEeHIleld HaCHIIIEHHOU
KpeMHHUIcoJiepsKalel MOJIEKyJIol (CHJIaHOM ), YTOOBI HA4aTh CBS3b YIIIEPO-KPEMHUH, B
KOHEYHOM HTOre€ CHUHTE3UPYsl MPOCTEHIIEro MpencTaBUTENs KPEMHUUOPTaHUYECKOTo
THMAa C 3aKpbITON 000J10uKOol (cuiieH). OOpa3oBaHUE CHJICHA B YCIIOBHUSX OJTHOKPATHOTO
CTOJIKHOBEHHsI B Ta30BOW (ha3e TMOKA3bIBACT, UYTO BO3HUKAIONIME MPOMYKTHI PEaKINU
OecrpepbIBHO YJIETAIOT IMOcle uX oOpasoBaHus. [lociemoBaTenbHbIE CTOJIKHOBEHUS

HavdaJbHBIX MPOAYKTOB PEaKINK, TAKKE Kak quMepu3ans [48] u nmukionprucoenHEHNE,



39

HE MOT'YT UMETb MECTO, YTO MPEIIAracT yHUBEPCAIbHBIA IyTh CHHTE3a CUJIICHOB B
KOHTPOJIMPYEMBIX SKCIEPUMEHTANbHBIX YCIOBUAX. 3amelnas aTtoM(bl) BOAOpOJa B
peareHTax, HallpaBJICHHbIM CUHTE3 PaHEE HEYJIOBUMBIX 3aMEILIEHHBIX CUIIEHOB, KOTOPbIE
HEJOCTYIIHBI TPAJULMOHHBIMA METOAAMU OPraHUYECKON XMMHH, MOXET CTaTh LIEJIBIO B
IIOIBITKE BBIICHUTH OCHOBHBIE MPUHLMIIBI MOJEKYJISIPHOW CTPYKTYpPbl U XMUMUYECKOH
AKTMBHOCTYM HA MHUKPOCKOIIMYECKOM YpOBHE. [I71s1 BBIACHEHHS OCHOBHBIX IPHUHLMIIOB
MOJIEKYJISIPHOU CTPYKTYPbI U XMMUUYECKOU PEAKTUBHOCTY HA MUKPOCKOITMYECKOM YPOBHE
OBLTH KCITOJIb30BAHBI METOJIBI 3aMEIICHUs] aToMa(OB) BOIOPO/AA B CUJICHAX, KOTOPBIC

OBLIN HCAOCTYIIHBI TPAAUITUOHHBIMU METOJJaMH OpF&HH‘-ICCKOfI XUMHUHN.

DKCIEPUMEHTBI CO CKPEIIEHHBIMU MOJIEKYJIIPHBIMU MTyYKAMU MPOBOJUIIUCH IIPU
sHepruu ctoikHoBeHus 18,9 + 0,1 k/[x/Monb myTeM neprneHIuKyIspHOro nepeceyeHus
CBEPX3BYKOBBIX My4koB pamaukana meruHa (CH) c¢ cumanom (SiHg). HeditpambHbie
HNPOAYKTHI pEaKIIMU MOHU3UPOBAIIM AJIEKTPOHHBIM yaapoMm npu 80 3B B kBaapyIoibHOM
Macc-CIIEKTPOMETPUUECKOM JETEKTOpE C TPOMHON nuddepeHuaibHOW OTKAYKoH, a
3aTeM aHAJIM3UPOBAIIM MACCy U CKOPOCTh 1Sl 3anucu BpeMsnponetHbix (BII) cektpoB
C YIJIOBBIM pa3peiieHueM. O0patuM BHUMaHKE, 4TO criekTpbl BIT ipu m/z = 44 u 45 He
MOTJIM OBITH PACCMOTPEHBI C Pa3yMHBIM OTHOIIEHUEM CUTHAJ/IIYM H3-3a COOCTBEHHOTO
dona B merextope, ucxoxsamero or CO," u BCO,", coorsercrBenno. Crextpsl BII ¢
YIJOBBIM paspelieHreM ObUIM MOJIY4YCHBI IMpH M/Z = 43, o0HapyKHB J1abOpPaTOpHOE
YIJI0BOE pachpese/icHue ¢ MaKCMMyMoOM Tpu yrie neHtpa macc (IIM) 48,5 + 0,2.
[TosryueHHbIe JaHHBIE TIPEUIAra0T ONMCAHNE JUHAMUKY KOCBEHHOT'O PAaCCEIHUS 3a CUET
oOpazoBanus komruiekca(oB) SiICHs. Monbl ¢ 6osee Boicokumu (47-46) u 60s1ee HU3KUMU
(42-40) oTHOIIEHHMSAMHM MacChl K 3apsjay CBS3aHbl C H30TOIOJIOTAMM  H/HIIA
uzotoromepamu  °Si?CHs* (m/z = 43) Bmecte ¢ MOHaMH uX (DParMeHTOB,
BO3HUKAIOIIUMU MPU MOHU3AIMHU 3JIEKTPOHHBIM yJapoM B moHu3arope. I[IpuHumas Bo
BHUMaHUE ECTECTBEHHOE COIEpP)KaHUE H30TOMOB YIJIEPOAA M KPEMHHUS BMECTE CO
CIIO)KHOM CXEeMOM (parMeHTaluy HEUTpaNbHBIX MOJIEKY] KPEMHHMOPraHU4eCKOro
COCIUMHEHUS] U HEBO3MOXKHOCTHIO 3amucath BII-CekTpbl ¢ pa3yMHBIM OTHOUIEHUEM

CHTHA/IIYM TpH M/Z = 44, KpUTHYECKH BaXHO TNpeoOpazoBath jaaHHbie BII wu
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nabopaTopHOe yTII0OBOE pacnpeneieHue neaTpa macc (L{M). 9To momoraer B BBISICHEHU N
MOJICKYJISIPHBIX (DOPMYJT U CTPYKTYPHBIX M30MEPOB MPOAYKTA(OB) PEAKIIMH BMECTE C

XUMHYCCKON THHAMUKOW, TIPUBOIAIICH K X o0pa3oBanuio [124].

BaxxHo nomuepkHyTh, UTO J1a0OpaTOpHBIE JlaHHbIE HE MOTyT  OBITh
BOCIIPOU3BEIEHBI C MAacCcOBOM KoMOMHamuel npoayktos 43 a.eM. (Sit*CHz) mmoc 2
a.em. (Hz). Hawmmyumiee cooTBeTCTBHE pacHpeieieHusi MOCTYMaTeIbHOW YHEPruu B
nentpe macc P(Er) u yrmoBoro pacmopenencuust T(6) mokasano Ha pucynke 2.3. Jlms
MOJIEKYJI, 00pa30BaHHBIX 0€3 BHYTPEHHETO BO30YKIEHUs, OTCEUKa MO BHICOKOW SHEPTHU
paBna P(Et) 229 £ 20 x/Ix/mMob. CpaBHEHHE STHX JTAHHBIX C TCOPETUICCKUMHU TAHHBIMH,
MOJTy4YE€HHBIMU TIPU pacyeTax IEKTPOHHON CTPYKTYpbI pa3nuuHbix n3omepoB SiCHy, T.e.
cunena (H,SICHy; pl), metuncummnena (HSiCHg; p2) u cmummvernnen (HCSiHs; p3)
(pucynok 2.4), nokaseBaet, 4to cuieH (HoSICHy; pl) n/wm mernncumunen (HSiCHs;
p2) mpencTaBisioT co0O0il BEpOsSTHBIE MPOIYKTHI peakiuu. Bkiaa TepMoauHaMUYecKu
MeHee crabunbHoro nzomepa cummeruiiena (HCSiHsz; p3) Henmb3s Takke cOpachiBaTh
CO CUETOB, TIOCKOJIBKY 3TOT U30MEP MOKET ObITh 3aMaCKUPOBAH B HU3KO3HEPT€THUECKOM
4acTU pacHpeeNieHusl MOCTynaTenbHON 3Hepruu. HakoHel, yrioBoe pacrpeneneHue
nenTpa Macc T(6) mokaspIBaeT MHTEHCHBHOCTh BO BCEM YIJIOBOM JHaria3one oT 0° 10
180° u sBIseTCS CHMMETPUYHBIM BIepea-Ha3ad (PUCYHOK 2.3); 3TO OTKpPBITHE
MpPEAnojaraeT KOCBEHHYIO (KOMILJIEKCOOOPA3yIOINIyl0) IWHAMUKY PpACCESHHS depes
obpazoBanne kKomiuiekca(oB) SiCHs co BpemeHeM KH3HU, TMPEBBIMIAIOITM Mepruo(bl)
BpaieHus [125]. Takum o0Opa3om, rcciienoBanue mokaspiBaet, uto cuieH (HoSICHy; pl)
u/wim MetuncuniaeH (HSiCHs; p2) oOpa3yrotes yepes HenpsiMyro TUHAMUKY PACCEsTHUS
pu OMMOJIEKYJIIPHOM CTOJKHOBEHUH MTPOCTEUIIIETO OPraHUYECKOro pajukaia (MeThHa)

C THAPUIOM KPEMHHUS (CHUIIAHOM).

B nononmHenme k paccuMTaHHOMY HOPOQUII0 MHUHHUMAJIBHOM MOTEHUUAIbHON
SHEPTUM JJIsl BXOJHOIO KaHaja, pacueThl IOKa3bIBAalOT Oe30apbepHOE BHEIPEHUE
paavKaia METUHA B OJHY U3 XMMHUYECKU 3KBUBAJICHTHBIX KPEMHHUM -BOJOPOAHBIX CBA3EU

Ha TMOBEPXHOCTHU Ay0JieTa ¢ oopazoBanueM cuauameruiabHoro (CH,SiH3) naTepMmennata

i1
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Pucynok 2.3 — Pacnpenenenue nmocrynarenbHoi sHepruu B nentpe mace (IIM) (A) u
yrioBoe pacnpenenenue [IM (b). 3amrpuxoBanabie 00J1aCTH YKa3bIBAIOT TIPEIEIBI

101005 (3]0)'8

DTOT MNPOMEKYTOUHBIA IPOJYKT MOXKET HCIyCKaTh aTOM BOJOpOaa C
00pa3oBaHUEM TEPMOJUHAMUYCCKH Hanbosiee cTabuabHOI MoJieKyJbl cuiieHa (HoSICHy;
pl) wimm TpereprieBaTh BOJOPOJHBIA CIABHT OT KPEMHHS K aTroMy Yrjiepoja ¢
00pa3oBaHUEM IMPOMEXYTOYHOro panukaga wmerwiacuamia 12 (SiHCH3) mepen

OTIIEIUICHHEM aTOMApPHOI'0 BOJOPOa OT METUIbHOM rpymisl 10 cuiaeHa (H,SICH,; pl).
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Pa3znua B sHeprusax mexnay il u 12 u pl u p2, paBHas 35 u 18 x/[»/Momnb, Xoporio
corjacyercs ¢ Oojiee paHHUM pacueTHbIM uccienoBanueM Ocamypsl u 1p. (39 u 10
k/Ix/Moip) [123]. Pacuersl Takke BBISIBIIIM IyTH PEAKIUU TEPMOIMHAMUYUCCKH MEHEE
crabmibHbIX n3oMepoB MeTuiacuauineHa (HSiCHg; p2) u cuimnmermnena (HCSiHz; p3)

yepe3 0e30apbepHOe pasiiokeHue 12 1 11, COOTBETCTBEHHO.

Tabmuna 2.1 — Koadduurentsl BeTBiEHUS MPOIYKTOB, PACCUUTAHHBIC MPU SHEPTUU

B3aumojiercTBus 18,9 kJ>x/Monb

[TpomykT pl pl pl p2 p3 p4 p5 p6 p7
OO6mmii | uz il | us3i2
Koa¢pdunuent | 96,18 | 7851 | 17,62 | 3,87 | 0.00 | 0.00 | 0.01 | 0.00 | 0.00

BeTBicHHS (%0)

YroObl TOMYYUTH JOMOJHUTEIbHYIO HH(OpManuio o0 00pa3oBaBIIMXCS H30Mepax
NPOAYKTOB pl-p3 U AOMOJHUTENBHBIX MYTAX MOTEPU MOJIEKYJSIPHOTO BoJopoaa p4-p7,
KOHCTAHTBl CKOPOCTH W KOX(P(UIMEHTHl BETBICHHUS OBUTM PACCUUTAHBI C MOMOIIbIO
Merona teopun Paiica-Pamcnieprepa-Kaccens-Mapkyca. Pe3ynbTaTsl 1okasanu, 4To B
YCIOBHUSIX OJHOKPAaTHOTO CTOJKHOBEHHUS KaHajlbl IOTEPU AaTOMapHOro BOJOpOJA
npeacTaBisieT co00i eTMHCTBEHHbIE TEPMOJUHAMUYECKH BBITOJIHBIC ITyTH PEAKIIUH, UTO
MOJIHOCTBIO COTJIaCYeTCsl C DSKCHEPUMEHTaJbHBIMU pe3yJbTaTaMH, TIJ€ He ObUIn
OOHapyXeHbl MyTH MOTEPU MOJIEKYJSIPHOIO BoAopoaa. PaccmaTtpuBasi KaHalibl OTphIBa
aToMapHOTro Bomopoaa, reopusi PPKM npenckaspiBaeT mpeuMyIiecTBEHHOE 00pa3oBaHNE
cuniera (HoSICH,; pl) (96 + 2%), npuaem 79 + 4% npoucxoast u3 il u 17 £2% u3 i2.

Koadpdunuentst pazsersienus meruncuiuiena (HSiCHs; p2) coctaBuinu 4 + 2%.
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Pucynok 2.4 — IloBepXHOCTh MOTEHITUAIBHON YHEPTUU PEAKIIMU METHH pauKaia u
CUJIaHA C y4acCTUEM MyTel ¢ OTCOEIMHEHUEM aTOMapHOTO U MOJIEKYJISIPHOTO BOJOpOAa.
Yriepona, KpeMHUM U BOJOPO UMEIOT CephIid, (PrOIETOBBII 1 OEIbIi IBETa

COOTBCTCTBCHHO

2.2 OﬁpazoBaHne METWITC¢pMUJICHA B PCAaKIIUUM METHHA U TrepMaHa B ra3oBou

dase

beima paccMoTpeHa aHalOrW4yHAs peakuusi MPOCTEUINEro OpPraHUYeCcKOoro
panukana (METHHA) C MPOTOTUIIOM TePMAaHUICOACPKAIIMX MOJIEKYJ (TepMaHOM) JUIs
CO3/IaHUS CBSI3M YIJEpOA-TepMaHUN, YTO B KOHEYHOM HTOT€ MPHUBEIO K 00pa30BAHUIO
MPOCTEHIIEro  MPEACTABUTENS  METAUIOOPTAaHWYECKOrO  alKWiIrepMuiieHa — —
METUIrepMuieHa. JMHaMMKa XUMUYECKOW pPEaKIMM HA4YMHAETCS HA IOBEPXHOCTH

ny6nera 6e30apbepHBIM BHEAPEHUEM METHH-paJKaia B CBS3b T'€PMaHHUII-BOJOPO] C
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MOCTEIYIOUMM BOJOPOJAHBIM CABUTOM BHYTPU CTOJKHOBUTEIBHOIO KOMILIEKCA U
3aKaHYMBAETCS MOHOMOJIEKYJIIPHBIM pacrajoM B BHUJE OTPbIBA ATOMapHOro BOIOPOJA,
NPUBOMSANIMM K CHHIVIETHOMY cocTosHuio MetwimrepmuieHa (HGeCHs). Ilpu
MCCIIEZIOBAHUH 00pa30BaHMs METHIITEPMUJICHA B YCIOBUSIX OHOKPATHOTO CTOJIKHOBEHUS
B ra3oBoi (ase 3apokAaroluecs MPOLYKThl PEAKIMM «U30JIUPYIOTCS» U YIETaloT
HEBO3MYILIEHHBIMH TI0CJE€ PEAKTUBHOI'O CTOJKHOBEHHUS METHH-pPAaJMKalla ¢ T€pMaHOM.
OT0 npeAoTBpallaeT BTOPUUHbBIE CTOJIKHOBEHHS EPBOHAY ANIbHBIX MPOAYKTOB PEaKLUH,
TaKUX KaKk JMMepH3alusi METWIrepMUJIEHa, TEM CaMblM OOecreurBasi HOBBIM MYyTb
CHHTE€3a B KOHTPOJUPYEMBIX OSKCIEPUMEHTANbHBIX YCIOBHSX JJs  Kjacca

OpPraHOTrcpMHJICHOB.

DKCIEpUMEHTHI TI0 PEAKTUBHOMY PACCESHUIO MPOBOJIUIINCH C UCHOJIb30BAHUEM
anmapara co CKpEIIEHHBIMU MOJIEKYJISIPHBIMH IMyYKaMHU MPH 3HEPIHMU CTOJKHOBEHUS
20,6 £ 0,3 x/x/Monb. HeliTpanbHbIC IPOTYKTHI PEAKIIUH HOHU3UPOBAIH AJICKTPOHHBIM
yaapom npu 80 3B B KBaJpyInOJIbHOM Macc-CIEKTPOMETPUUECKOM JETEKTOPE C TPOUHOU
muddepeHranbHON 0TKauKoM, a 3aTeM aHAJIM3UPOBAIA MAcCy U CKOPOCTh ISl 3alTUCH
BpemsnposieTHeIX (BIT) criekTpoB ¢ yrioBbiM pazpemienuem. Criektpsl BII ¢ yrioBsim
paspereHneM ObUTH TTomyueHsl npu m/z = 88 (““Ge*2CH,"). Monsl ¢ 6omee BricokuM (93-
89) u Oonee HU3KUM (87-82) OTHOILIEHHMEM MACChI K 3apsiAy CBSI3aHbI C U30TONOJOTaMU
n/nunn msotornomepamu ‘Ge?’CH," (m/z = 88) BMecTe ¢ MOHAMH HX (DParMeHTOB,

BO3HHUKAIOMIUMU ITPHU NOHU3AINUHN 3JICKTPOHHBIM YAAPpOM B HOHU3ATOPC.
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Pucynok 2.5 — Pacnipenenenue nmocrynarenbHoi sHepruu B nentpe mace (IIM) (a) u

yraooe pacnpeznenenue LIM (6). 3amTpuxoBaHHble 00J1aCTH YKa3bIBatOT MPEIEIIb

OIIIMO0K

Hawnnydmme pacrpenencHue moctynareabHoi sHeprun B 1eHTpe Macc P(Et) u
yriaoBoe pacrnpenenenue T(6) mis kaHama moTepb aTOMapHOrO BOJIOPOJAa IMOKAa3aHbI Ha
pucynke 2.5. TmiaTenbHBIM aHAIM3 TOTOKA IMOCTYMATEILHON DHEPruM IIEHTpa Mace
pactpenenenue P(Er) momoraer maeHTHdHIMpoBaTh 00pa3syrommiics nzomep GeCHy,
U1 KOTOPBIX OTCEYKAa MO BBICOKOM sHepruu paBHa 284 + 15 kJ[>x/Monb. CpaBHEHHE ITUX
JAHHBIX C YHEPIreTUKOM, MOJIYYEHHOU B PE3YJIBTATE PACUETOB JIEKTPOHHOM CTPYKTYPBI
pasnmuunbix u3omepoB GeCHy ot pl mo p3, to ecth MetmiarepmuiieHa (HGeCHs; pl),

repmena (H2GeCHy; p2) u repmunmveriied (HCGeHs; p3) (pucynok 2.6), mpeamnonaraer
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obpaszoBanue merwiarepmuicHa (HGeCHs; pl). Bkmag TepMoauHaMHYECKH MeHEe
crabmnbHbIX m3oMepoB repmena (H,GeCH,; p2) u merunrepmusena (HGeCHgs; p3)
HEJTb3SI UCKITIOYUTh Ha JJAHHOM JTarle, IOCKOJIBKY OHH MOTYT OBITh 3aMacKHpPOBaHBI B
HU3KOPHEPTeTUYECKON YaCTH pacipeieieHus] TOCTYNaTeIbHONW SHEPTHH B IIEHTPE Macc.
Kpowme toro, makcumym pacnpenenerus P(Er) otHocuTenbHo mmpok (2 — 80 k/]x/mMons).
OTO MJIaTo MpeArnoaraeT Haau4yue 0ojee 0JHOTO MEePEXOAHOI0 COCTOSHUS, U3 KOTOPBIX
10 KpaliHel Mepe OJHO JKECTKOe, a BTOpoe — pa3pbixiieHHoe [126], T.k. A1 0HOrO
MEPEXOHOI0 COCTOSIHUSI 0TOOpaskasics Obl eAMHUUHBIH MakcuMyM P(Et) odens Oam3kuii
K HYJIEBOI SHEpPI'HH, 4ero siBHO He Habmroaercs. HakoHen, yron pacrnpenenenus neHTpa
macc T(6) yka3piBaeT Ha MHTCHCUBHOCTh BO BCEM yIJIoBOM auama3oHe ot 0° mo 180°
(pucyHok 2.5), mpeamonarasi TUHAMUKY HEMPSIMOTO PACCeSIHUS 3a CYET 00Pa30BaHMUS
xomriuiekca(oB) GeCHs, BpeMst )H3HH KOTOPBIX OOJIbIIIE, YeM Mepro bl BparieHus [125].
Cnabast monspu3anysi, TO €CTh IUIOCKOe pacmpenenenue T1(6), sBusercs pe3ybTaToM
HECITOCOOHOCTH JIETKOTO aTOMa BOJOPOJia YHOCHUTH 3HAYWTENBHBIA YTJIOBOM MOMEHT
[124]. Takum oOpa3oMm, wuCCAeIOBaHHE IOKAa3bIBAE€T, YTO II0 KpalHEH Mepe
TEPMOJUHAMHUYCCKH HambOosee craOmibHbIA n3oMep MetmirepmiuieHa (HGeCHg; pl)
o0Opa3yercsi B pe3yJsibTaTe peaklMK MPOCTEUIEro OPraHMyeckoro pajukaia (MeTuHa) ¢
POTOTHIIOM THIPUIA TEePMaHUS C 3aMKHYTOW OOOJIOYKOH (TepMaHOM) B YCIOBHUSX

OJHMHOYHOI'O CTOJIKHOBCHUA.

Tabmuma 2.2 — KosdduureHTsl BeTBIEHUS MPOIYKTOB, PACCUUTAHHBIC MPH SHEPTUH

B3anmopelcTBus 4,92 kJ[>x/MoJb

[IponykT p2 p2 p2 pl p3 p4 pS p6 p7
OO6mmii | uz il | us3i2
Koadpounument | 52,72 | 36,37 | 16,35 | 47,27 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00

BetBjacHHS (%0)
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Pucynok 2.6 — [ToBepXHOCTh MOTEHIIMAIBHON YHEPTUU PEaKIIUU METHH-parKaia v
repMaHa ¢ y4aCTUEM aTOMAPHOT'0 U MOJIEKYJISIPHOT'O ITyTEN OTCOEAUHEHUS BOAOPO/IA.
VYraepon, repMaHuii ¥ BOJOPO UMEIOT CEpPhIi, 3€JICHBIM 1 O€JIbIi 1IBEeTa

COOTBCTCTBCHHO

Tenepb O00BEOIUHUM  BBILICYTIOMSIHYTBIE  AKCIIEPUMEHTAJbHBIE JAHHBIE C
BBIYMCIICHHOM MOBEPXHOCThbIO TOTeHIMaabHOW sHepruu (II13), uyToObl mpeaIoxKuTh
JeXamuid B OocHOBe MexaHU3M(bl) peakiuu (pucyHOk 2.6). CoriiacHO pacyeTHOMY
npopHIIF0 MUHMMAJIBHOM MOTEHIMAIBHOW HEPruu JJIsl BXOJHOIO KaHaja, peakius
METUH-paJIuKajia ¢ TepMaHOM HHUIMHUpYyeTcs Ha payoserHom IIIID mocpenctBom
0e30apbepHOr0 BHEAPEHUST METHH-PaJMKajla B OJHY W3 XWMHUYECKH IKBHBAJICHTHBIX
repMaHHU-BOIOPOIHBIX  CBsi3ei, Beaymmx K repmmimeruiabHoMy (CHoGeHs)
CTONKHOBHTENBHOMY KoMIUlekcy il. Bmawame mpm R > 3,8 A mermn mpocro

npuOImKaercss K TepMaHy. 3aTeM MOJeKyJa TepMaHa IOBOPAYMBACTCSA, YTOOBI
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HaIpaBUTh OJMH U3 CBOMX aTOMOB BOJOPOJA Ha aTOM YTJIepo/ia, U 3TOT aTOM BOJIOpO/ia
MEePEXOJIUT OT TEpMaHus K yriepoay. Bogopoansiil cniBur 3aBepiiaercs Mexay R=3,2 u
3,1 A, uTo mpUBOIMT K PE3KOMY yMEHBIIEHHIO MOTEHLHMANbHOH >Hepruu. Hakomnen,
BHOBL oOOpa3oBaHHasi rpynmna CH; mpuOnmwxkaercs k yactuiiam GeHs, tem campiMm
3aBepmas ¢opmupoBanue cBsizu Ge-C. I[IpomexyrouHoe coeauHeHue il Moxer
M30MEpU30BaThCSl 32 CUET CIABMra BOJOpOJA OT IepMaHus K aroMy yrjiepoja c
obpazoBannem metunarepmumia (GeH,CHs) mpomexyTrouHoro coeauHeHus 12 4yepes
Oapbep 151 kJlx/momb. Pamgukan merwirepMmuiia HpPENCTaBISCT COOOM TIIOOATBHBIN
muHuMyM [1I13 GeCHs. Pa3uuna B sHepruu mexay il u 12, paBHas 72 xJ[»x/Moib, Hapsay
c OapbepoM m3omepu3anuu, paBHbM 151 k/[k/Moib, X0polio Koppemupyer ¢ Oolnee
pPaHHUMH pacueTHbIMU HcciaenoBanusmMu Ocamypbl u ap. (60-69 k/x/momnw) [123] u
Kymno u Harace (151-160 x/Ix/monp) [127]. Beuio oOHapykeHO, YTO paauKal
metuiarepmuia (GeH,CHgs, 12) momsepraercs MOHOMOJICKY/SIPHOMY paciiaay 3a CuerT
NOoTepH aTOMApHOro Bojopona u3 ¢parmeHta GeH; uepe3 BBIXOAHOE MEPEXOAHOE
COCTOSIHME, YTO MPHUBOAUT K DSKCIEPUMEHTAIbHO HAOJII0Ja€MOMY CHUHIJIETHOMY
npoaykty metuirepmuiieH (HGeCHg; pl). Pacyers! Takke BBISIBUIIN JIBa ITYTH, BEYIIIUX
K TEPMOJMHAMHUYECKH MeHee OsarompusitHomy wu3omepy repmena (H,GeCHj; p2),
BKJIFOYAIOII[ME MOHOMOJIEKYJISIpHBIN pacniaf il u 12. PazHuna B sHeprusix mexuay pl u p2,
paBHast 45 k/[x/Moinb, Xopoiio cornacyercs ¢ pesyiabtatamu lledepa u ap., paBHbIMU 48
k/Ix/moinb [128]. Kpome TOro, XuMHUeCKH aKTHBUPOBAHHBIC PAIMKaJIbl FEPMUIMETHIIA
(CH,GeHgs; 11) moryT pasnarathest 0e3 Oapbepa Ha BBIXOJE 10 HAUMEHEE CTAOUJIBHOIO

u3zomepa — TpuruietHoro repmunmeruieHa (HCGeHs; p3).

Jlasmee KOHCTaHTBI CKOPOCTH M KOA(DPUIIMEHTHI BETBJICHUS ObUIM PACCUMTAHBI C
nomotibio Teopuu Paiica-Pamcnieprepa-Kaccensi-Mapkyca. 9Ty JaHHbIE TPEAIONAraoT,
YTO B IIpeJieyiaX CTOXaCTU3allii BHYTPUMOJIEKYJISIPHOM SHEPTUHU B YCIOBUSIX OJTMHOYHOTO
CTOJIKHOBEHHSI TOTEPST aTOMApHOr0 BOJOpOAAa MpPEACTaBIsieT CcO0OM  MOYTH
HUCKIIOUNTENbHBIN KaHal (99,98%) c¢ nuib He3HAYMTEIbHBIM BKJIAJAOM OTIICTIICHUS
Monekymsipaoro  Bomopoaa  (0,02%). DOTo  TOMHOCTBIO  corjacyercs  C

AKCIIEPUMEHTAJILHBIMU PE3YJIbTaTaMU, IJI€ OTCYTCTBOBAJIA ITyTH OTPHIBA MOJIEKYJISIPHOTO
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Bozopoaa. Urto kacaercst kaHana atomapHoro Bojgopoaa, reopust PPKM npenckaseiBaer
oopazoBanne meruwirepmmiena (HGeCHs; pl) u repmena (H,GeCHj; p2) ¢ moutu

OJIMHAKOBbIMU K03(uninentamu BeTBiaeHus 48% u 52%.

Takum 00pa3oM, OKCIEPUMEHTAILHOE M  TEOPETUYECKOE HCCIIEOBaHHE
MOJATBEPXKIaeT O00pa3oBaHUE TEPMOAMHAMHUYECKH HamOojee CTaOMIIBHOTO H30Mepa
metunrepmuiieHa (HGeCHs; pl) mocpenacTBoM siaeMEHTapHOW peakIiud METHHA C
repMaHoM. B yclnoBHSIX OJWHOYHOTO CTOJKHOBEHHUS pEAKUMs WHUIUHPYETCS
0e30apbepHbIM BHEIPEHHEM METHHOBOI'O pajJiiKajla B CBSI3b T€PMAaHUN-BOAOPOA C
obpaszoBanuem repmuimermibHoro (CH,GeH3) cromkHoBUTEIBHOrO KOMILIeKca il,
KOTOPBIM 3aTeéM H30MEPU3YETCs 3a CUET MHUIpali BOJIOPOJAa B METUJIT€PMUIIBHBIN
(GeH,CH3) mnpomexyrtounsiii 12. [locmemuuii TepsieT aTOMapHBIA BOJOPOA C
oopazoBanrem MmeruiarepmumieHa (HGeCHs; pl) B o0mielt CHIBHO 3K30T€pMUUYECKON
peakuuu. Pacuerst PPKM mpencka3biBatoT najiee, 4To, €CId B CHUCTEME MPOUCXOIUT
nosHoe mnepepacnpenenenue sHepruu, repmeH (HoGeCHy; p2) Ttaxke wmoxer
00pa30BBIBATHCA C MOYTH PaBHOM J0jel 1o cpaBHeHuUto ¢ metunrepmumieHom (HGeCHsg;
pl). MeTmirepMuiaeH u TepMeH MOTYT B3aMHO TpeoOpa3oBhIBaThCs yepe3 Oapbep 187
k/I>k/MOJIb TIO OTHOIIICHUIO K MeTUATepMIIIeHY. Clie0BaTEeNbHO, TIEPEXOAHOE COCTOSHHE
HaXOJUTCSl HWKE SHEPruu paslesMBIIMXCS peareHToB. TakuM oO0pa3oM, B YCIOBHSIX
MHOT'OKPATHBIX CTOJIKHOBEHHM METWJIT€PMHUIICH, OOpa3yloUMiicss C JA0CTaTOYHOMN
BHYTPEHHEH SHEpruen, MOXKET HE TOJIBKO IIPeoAosieBaTh Oapbep HM30MEpU3AIMHM B
reépMeEH, HO ¥ T€PMEH MOXKET IIEPEAaBATh YaCTh BHYTPEHHEH SHEPT UM TPETbEMY TEILY, TEM
CaMbIM CTaOMJIM3UPYS TEPMEH U Jiedasi €ro JOCTYHNHBIM Uil CIEKTPOCKOIMUYECKOrO

OOHapy>KEHHUS.
2.3 BbIBOIBI K IJ1aBe 2

TeopeTndeckoe W IKCIEPUMEHTAILHOE HMCCIEIOBAHUS DJIEMEHTAPHOU PEAKIINU
paJnKaJoB METHUHA B OCHOBHOM COCTOSTHUHU C CUJIAHOM BBISIBHIIO 0€30apbepHbIi 1 001U
9K30TEPMUYECKUI MYTh JIJIs OKOHUATEIbHOTr0 cHTe3a cuieHa (H,SICH,; pl) B yermoBusx
OJTHOKPATHOTO CTOJIKHOBEHHS. XHWMHUECKas JTWHAMHKa 3alycKaeTcs BHEIPEHUEM

METHHA B OJHY M3 YEThIPEeX CBs3el KPEMHUN-BOAOPOJ CHJIaHa ¢ oOpa3oBaHUEM
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npomexxyroutnoro cummaMerina i1 (CH,SiH3). DToT mpoMexyTodHbIN MPOIYKT TepsAeT
aTOM BOJOpOJa M3 CHJIMIbHOW dacTH ¢ obpaszoBanuem cuieHa (H,SICH,; pl) wwm
BOZIOPOJ MHUIPUPYET OT KPEMHHsI K aroMmy yriepoja, oOpa3ys MNpOMEKYTOUHBIN
metuiacwmn-paaukan 12 (SiH,CHs) mepen ero pasnokeHueM uepe3 BOJOPOI OT
metuibHOM rpymsl K cuiieHy (H2SICH;; pl). CucteMa METHH-CHITaH CITYXKUT 3TaJIOHOM
JUISE  JIy4IIero TOHMMaHUs ¥ HAMpaBJIEHHOTO CHHTE3a HEOONBIIUX MOJEKYI

erMHHﬁOpFaHquCKOF 0 COCAMHCHUA B YCIIOBUAX MaJIbIX I[aBJIeHI/Iﬁ.

AHamoruyHo KOMOMHUPOBAHHOE OKCIEPUMEHTAIbHOE U  BBIUHMCIUTEIHLHOE
HCCIIEIOBAHNE AJIEMEHTApHON ra3o(a3Hoil peakiuu paJuKajioB METHHA B OCHOBHOM
COCTOSTHUHU C TEPMaHOM PACKPHIBAET O0€30aphepHbIN U B IIEJIOM 3K30TEPMUUYECKUM MYTh K
KOHEYHOMY CHUHTE3y CHUHrieTHoro cocrosiHus wmetwirepmuiena (HGeCHs; pl) B
YCIIOBUSIX OJWHOYHOTO CTOJKHOBEHHS. XHUMHYECKas JWHAMUKA WHUIUAPYETCS
BHEJIpEHUEM METHHA B T€pMaHUN-BOJOPOHYIO CBSA3b C MOCIEAYIOIIEH n3oMepu3aluen
FePMUJIMETUIILHOTO ~ CTOJIKHOBUTENbHOrO Komiuiekca (CHpGeHs; 1l1) 3a cuer
BOJIOPOJIHOTO CIIBUTA B METHJITEpMUJIBHOE ITpoMexyTounoe coeauHenne (GeH,CHjs; 12)
U TOCIEAYIOIIMM BBIOPOCOM aToMa BOAOPOJAa C OOpPa30BAaHHEM METHIITEPMUIICHA
(HGeCHgs; pl). Dta nuHaMuKa OTJIMYAETCS OT PeaKI[MU M30BAJICHTHOTO METHHA-METaHa,
u3ydeHHoi B pabore [129]. Pe3ynbTaThl HCCleOBaHUS CHCTEMbI METHH-TEPMaH BEIYT K
JAy4IIeMy TOHMMAaHWIO W IUIAHUPOBAHWIO  HAIPaBJIECHHOTO CHHTE3a  MaJIbIX
repMaHUNOPraHUYECKUX COCIMHEHUN B YCIOBUSX MaJbIX JIABJICHUM MO CPABHEHUIO CO
CTPYKTYpaMH, IMOJTYYEHHBIMU IOCPEJCTBOM, HANpPUMEP, TEPMUUECKOI'0 Pa3JIOKEHUS

OMIMKIMYECKUX MoJIeKy 1 (otou3za [130].
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I'nasa 3. PocT noTMIUKIMYECKMX APOMATHYECKHUX YIJIEBOOPOI0B B PeaKkuMsX

C7H7 + CsHs m C7H7 + CrHy

C momentoMm oTkpbiTHs Jlroma u Jlopan B 1832 romy [131] momekynsl 147-
apomatuueckoro  antpauneHa (CusHip) B KauecTBe  mpoaykTa  HEPEroHKH
KaMEHHOYT'OJILHOM  CMOJIBI  CBSI3BIBAC€TCS  HAYajl0 HCTOPUHM  TOJUIIUKIAYECKHX
apomatuueckue yrieBonoponsl (ITAY) — yrieBomoposbl, cOCTosAIME U3 HECKOJIbKUX
KOHJICHCUpOBaHHBIX OcH30ouaHBIX Kouell [132]. C ITAY cBs3bIBalOT mpoIiecchl pocTa
MOJIEKYJISIPHOM MacChl OPraHUYECKUX COCTMHEHHMHM KaK B CHCTeMaX CrOpaHus, Tak U B
XOJIOJHBIX MOJIEKYJISIPHBIX OOJlakaxX, O0rathix yrieBomopoiaMu atMocdepax MIaHeT U
ux cnytHukoB [133], a Taxke OKOJI03BE3IHBIX O0JIaKax OOraThIX YIJIEPOJOM 3BE3[
acumrnrotTuueckord BerBu rurantoB (ABI'), takux kak IRC + 10216, oxBaThIBarommx
temneparypel or 10 K g0 Heckomsko 1000 K [6,7,134,135]. Apomarudeckue
YTJIEBOAOPOJIbI TTOBCEMECTHO MPUCYTCTBYIOT B YIJIEPOAUCTBIX XOHIPHUTAX, TAKUX Kak
Opreiinb, Mepuncon, AnbeHzie U MOTYT cocTaBiisiTh 10 20% OT BCEro KOCMHUUYECKOTO
yriaepoaHoro Oromxera [136]. B 3emMubIx ycnmoBusix ITAY BMecTe ¢ yacTHIlaMK Caku
HAaHOMETPOBOTO pa3Mepa KIACCUPUIUPYIOTCS KaK KaHIEPOreHHble MOOOYHbBIC
IIPOYKTHI, BBIJICIIAIONIMECS TPU HEMOJIHOM CrOpaHMH HWCKomaeMoro TorumBa [137].
CrnenoBatenbHO, HEOOXOAUMO (GyHIAAMEHTAIbHOEC TOHUMAHUE OTIEIbHBIX CTaaui
mporecca  pocTta  MOJIEKYJSIPHOM MacChl, YTOOBI pAcKphITh OECUHCIEHHBIE |
pa3HO00pa3HbIe MyTH K apOMAaTUYECKUM YTIIEBOI0POJaM Ha MUKPOCKOITMYECKOM YPOBHE
CHM3Y BBEPX B 3KCTpeMalibHbIX yciioBusx [138]. Ilpeamnonaraercs, uto [TAY oOpasyrotcs
B pe3ylbTaTe pocTa M3 HEOONBIIUX apOMaTHYECKHX MOJIEKYJ, TaKMX Kak OCH301 U
TOJIyOJ1, B OOoraThIX yriepoaoMm 3Be3aax ABI' u mmanerapHbix TymManHocTsx [139-153],
npu noBbIIeHHBIX Temmeparypax 1000 K u Bbiliie uepes mpoiieccbl pocTa MOJIEKYISIPHOU
MaccChl, BKJIIOYAIOIIME, CPEIH IPOYEro, OTPHIB BOJOPOAA-TIPHUCOCIUHEHHE YTiepoa
(HACA) [6], xoropble cpomHu MexaHu3MmMam pocta [IAY Ha 3emie, npu TOpeHHH
yrieBoaopoaHoro Tommmsa [6,154-157]. Ocobyro ponb B nporeccax pocta [IAY moryt
UrpaTh MeETHJI3aMEIlleHHbIE M, B Oojee oOmieM ciaydae, alkuiaupoBaHHble [TAY,

MOJIEKYJIOM-IPOTOTUIIOM KOTOPBIX SBJISIETCS TOJMYOJ. B BhICOKOTEMIEpaTypHBIX Cpeax,
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HaNpUMep, B OKOJIO3BE3IHBIX 000JI0YKaX UM MPU TOPEHUH, OHH MOT'YT 00Pa30BbIBATHCS
B pe3yJbTaTe MPOIECCOB METUIMPOBAHUS/AIKUIMPOBAHUS, TO €CThb B PE3yJIbTaTe
peakuuit oomena CHs/ankun-panukana Ha H, koropbie TpeOyrOT 3HAUMTENbHBIX
0aprepoB [158-162]. bensuii-paaukan oopasyercss U3 TOJIyoJa IMyTeM oTpbiBa atoma H

OT METWJIBHOW T'PYIIIIBL.

Hapsny ¢ mexanuzmom HACA, anbrepHaTUBHBIM IIyTeM oOpasoBanus [1AY
SABJSIFOTCS ~ pEaKIUU  MEXAY  IUKIMYECKUMHU  paJuKajaMd U PE30HAHCHO-
CTaOMJIM3UPOBAHHBIMU pajuKaiaMu. Peakius pexoMOWMHAIMK paJuKaloB OeH3mIIa
(C7H7) u npomapruna (C3H3) siBisieTcss MOTECHIIMAILHO Ba)KHOM CTaauei o0pa3oBaHUs
BTOPOT'O0 apOMAaTHUYECKOTO KOJIbIIA, TMOCKOJILKY PE30HAHCHBIE CTPYKTYPhI pajuKaia
OCH3MUJIA YaCTUYHO aHAJIOTUYHBI CTPYKTYpaM pajvkaia aumia. [1o ananoruu ¢ peakiuei
CsHs + C3Has, Bemymieii k oOpa3zoBaHuto 0eH305a, HaQTAIMH MOXKET 00pa30BHIBATHCS B
peakuuu C;H7 + C3H3, kak npemnoxeno Konkerom u Cupu [163], a 3aTem MaprHOBBIM
u coaBTopamu [164]. Mexanusm peakimu C7H7 + C3Hz panee usydaics B pabore Mairyru
1 Muécu MeTo1aMu KBAHTOBOM XMMHUHU U TEOPETUYCCKON XUMUYECKOM KMHETHKH [165].

OnHako CylHIeCTBYET MaJI0 JKCIEPUMEHTAIBHBIX MCCICOBAaHUNA pEaKIuil B
MOJIEKYJISIDHBIX TydyKax MEXAy JAByMs apomatudeckumu (AP) w/mmm pe3oHaHCHO
CTaOMJIU3UPOBAHHBIMUA ~ CBOOOAHBIMU  panukanamu (PCCP) —  opranmdyeckumu
panukanamu, Takumu kak mpomaprui (CsHs), nuknonenTaauenun (CsHs) u GeHsun
(C;H7;) ¢ HecmapeHHBIM DJIEKTPOHOM. OTO MPOUCXOAMT H3-3a HEMPEOTOTUMBIX
TPYJHOCTEH B TMOJYUYEHUU PATUKAIOB B JIOCTATOYHO BBICOKMX KOHUEHTPALUSX ISt
00pa3oBaHus IETCKTUPYEMBIX KOJIMUECTB MpoayKToB (prucyHok 3.1). [Tponaprui (CsHs)
- mponaprui (CsHs) [166] n muaaenwmn (CgH;) - metun (CH3) cucTteMbl, CHHTE3UPYIOIIUE
oen3oin (CgHs) 1 HapTamun (CioHg), COOTBETCTBEHHO, OBLIM U3YUYEHBI B SKCIIEPUMEHTAX

CO CKPCIICHHBIMH MOJICKYJIIPHBIMHY ITydkamu [167].
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Pucynok 3.1 — MonekymnsipHbIE CTPYKTYPBI PE30HAHCHO CTaOMIIN3UPOBAHHBIX
cBoOoaHbBIX paaukanos (PCCP) nponapruma (CsHs'), muknonenramnennna (CsHs') m
oensuina (C;H;"), paccMaTprBaeMbIX B Ka4€CTBE KIIFOUEBBIX MPEAIIECTBEHHUKOB
MOJIAIUKIMICECKUX apOMaTHIEeCKuX yTiieBoopoioB (ITAY) B BeICOKOTEMIIEpaTypHBIX
MPOIECCax POCTa MOJIEKYJIIPHONW Macchl. ATOMBI YTJIepojia U BOJIOPO/ia OKPAIIICHBI B

cepblii U O€NbIi IIBETa COOTBETCTBEHHO

Teopernuecku mnpenckazano, yto I[IAY, Hecylme HECKOJBKO IMIECTUYJICHHBIX
kosern, Takux kKak ¢eHanTtpeH (CisHio, pl) m amtpanen (CigHio, p2), B pesynbrate
peKOMOMHAIMK OT-apOMATHIECKOTO W PE30HAHCHO CTAOMJIM3MPOBAHHBIX PATUKAIOB
oensmna (C;H;) («camopekoMOUHaIMIY) 00pa3yroT TpexkoblieBbie [IAY (pucyHok 3.2)
[168], omHako He OBLIO SKCICPUMEHTAIBHOIO WCCICIOBAHHUS JTOM PEaKIINH,
IPUBOSAINETO K OJHOBPEMEHHOMY OOHapykeHuio in Situ ¢enantpena (CiHio, pl) u
autparieHa (CyyHio, p2). Cuaxa m Pamk uccremoBanm camopekoMOWHAIUKM OEH3WII-
pagukama Ha CHHTJCTHOW TmoBepxHocTH [168]. Pumkc wm ap. wucnois3oBaiv
undppaxpacuyto (UK) / ynprpaduoneroByro (YD) HOHHYIO CIIEKTPOCKOMHUIO B COYETAHUU
C BBICOKOTEMITEPATYPHBIM IMHPOJIUTHICCKIM PEAKTOPOM ISl OOHAPYKCHHS POTYKTOB
caMopekoMOMHaIK OeH3mI-paaukaios npu 1373 K B Oydeprom raze (Ar) ¢ naBiieHuem
1,4 6ap [169], Ho Tonbko ¢enantper (CisHio, pl) 611 0OHapykeH. OCHOBBIBASICh Ha
MOJIENIbHBIX UCCIIEIOBAHMIX MTUPOJIU3a ToIyoa, Mairyru 1 Muécu mpearnonoKuiii, 4To

TOJBKO H30Mep (EHAHTPEHa MOXKET OBITh 00pa30BaH Yepe3 IMPOMEKYTOUHOE
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Pucynok 3.2 — Ilytu camopekoMOnHaIum OeH3UI-paguKaa, mpuBoasimme K GenanTpeny (pl), paccuuTaHHBIC HA YPOBHE TEOPUHU
CBS-QB3 [166]. HoBble myTH peakiiuu ¢ 00pa3oBaHHEM aHTpalieHa (p2) pacCUuTaHbl MHOMOKOH(HTYpaIlMOHHBIM METOIOM
G3(MP2,CC). CunretHas ¥ TPUILICTHAS TTIOBEPXHOCTH 0003HAUEHBI CHHUM M KPaCHBIM IIBETOM, COOTBETCTBEHHO. Bee sHeprun

MIPE/ICTaBIICHBI B KJ[»K/MOb
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coenuHenre crunpbena [170]. DTm wmcciaeqoBaHUs ITOKA3bIBAIOT, 4YTO BCE €IIE
CYIIECTBYET OTpaHUYEHHOE TOHMMAHWE OCHOBHBIX MyTed peKoMOWHaIuu OeH3WUII-
panukainos, Beayiieh k perantpeny (CiqHio, pl) 1 anTpaneny (CisHio, P2) B ycaoBusix

BBICOKOTEMIIEPATYPHOI'O TOPEHUS U OKOJIO3BE3/IHBIX CPEAax.

[IpyHrMass BO BHUMAaHHME TOCIEAHUE JIOCTUXKEHHUS B PA3BUTHUU TEOPUH
MEPEXOIHOTO COCTOSIHUS MOYKHO YTBEPK/1aTh, YTO MEXAHU3M M KMHETUKA 3TON BayKHOU
pEeaKIMy 3aCIIyKHUBAET HOBOT'O PACCMOTPEHUS, HAMPABIECHHOE HA YTOYHEHHUE 3HAYEHUN
KOHCTAHT CKOPOCTEW PEAKIIMOHHBIX KaHAJIOB, BEAYIIMX K PA3JIMUYHBIM MPOAYKTAM U HX
OTHOCUTEJIbHBIX BBIXOJIOB B 3aBUCUMOCTH OT TEMIIEpATyphl U JaBJCHUA. B JaHHOM
MCCIIEIOBAHUN KOHCTAaHThI CKOPOCTH PEAKIMHU PATUKAIOB O€H3WJia M IpoIapruia,
3aBUCSIIME OT TEMIEepaTypbl M JaBIEHUS, PACCUMTHIBAIUCL METoJ0oM Paiica-
Pamneprepa-Kaccensi-Mapkyca u ocHoBHOTo kuHetudeckoro ypaBuenus (PPKM-OKY),
TOrJla KaK KOHCTaHThl CKOPOCTH B TIpe/esie BBICOKOI'O JIaBJCHUS JJIsi 0e30apbepHBIX
BXOAHBIX M BBIXOJHBIX KaHAJOB, COOTBETCTBEHHO, OIIEHUBAJIUCh C HCIOJIb30BAHUEM
TEOpUHU TIEPEXOTHOT0 COCTOSHUS ¢ Bapbupyemoi koopauHatoil peakiuu (VRC-TST) u
Teopur (Ha30BOr0 MPOCTPAHCTBA. YTOYHEHHBIE KOHCTAHTHI OyayT TIOJE3HBI MPHU
MOCTPOEHUU 00Jiee HAISKHBIX KHHETUYECKUX MOJIeIel o0pa3oBanus HapTaqmHa U pocTa
[TAY, kak B aCTpOXMMHUHM, TaK U B XUMHUU ropeHus. Takxke cooOIIaeTcs 0 COBMECTHOM
BBIYMCIIUTEILHOM U KCIIEPUMEHTATLHOM UCCIEIOBAHUY CAMOPEKOMOUHAIIUY paJiiKaja
oensuna (C7H7), mpuBossiieii B KoHe4HOM UTOre K oopazoBanuio penantpera (Ci4H;o,
pl) u antpauena (CigHip, p2) B kadectBe mporotuna l4mw apoMaTUYECKUX CHUCTEM,
HECYIIMX TPU KOHJCHCHUPOBAHHBIX OEH30JbHBIX KOJbIA. [lokazaHo, 4To pe3yabTaT
M30MEP-CEJICKTUBHOTO CUHTE3a OMNPENENSACTCS JUCKPETHBIM  CIHUH-IUKTOBAHHBIM
MexaHu3mMoM ¢ ¢peHanTpeHoM (CigHip, pl), MHMIMUPOBAHHBIM Yepe3 KIACCHYECKYIO
0e30apbepHYI0  pAUKAIBHO-PAIUKAIBHYI0  PEKOMOMHAIMIO  JBYX  OEH3UJIOB.
O6pazoBanue antpameHa (CisHio, p2) HauumHaercss HEOOBIYHO HA TPUILIETHON
TIOBEPXHOCTH BO30YyXKIeHHOro coctosHus (a*A) yepes [3+3] HMUKIONPHCOETHHEHNE,
BKJIIOYAIOIIEE MEPEXOJHOE COCTOSHUE C HUKIMYECKUM pPacClOJIO)KEHHUEM aTOMOB B

MECTUYJIICHHOM KOJBLE BMCECTC C peopraHmauI/Ieﬁ O- U T-CBA3M 4YCPE3 AHMHAMHKY
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BO30YXK/JICHHOT'O COCTOSIHHS, WHUIIUMPOBAHHYIO OJIHOKPATHBIM  CTOJIKHOBEHHEM.
JlnHamMuka BO30Y>KICHHOTO COCTOSHUS, BEAyIIas B KOHEYHOM HUTOre K aHTPAIeHy
(C14H10, p2), mpoTHBOpEUHT OOIICHPUHITOMY MHEHHIO O TOM, 4TO oOpa3oBaHue [TAY
MOCPEACTBOM PaTUKAIbHO-PAIUKAIBGHBIX PEAKIUA MPOUCXOIUT HCKIIOYUTEIBHO Ha
AJICKTPOHHBIX MOBEPXHOCTSX OCHOBHOT'O (CHHTJICSTHOTO) COCTOSIHUSL TOCPEICTBOM
HavaJbHOM peKOMOMHALINY TyOJIETHBIX PEareHTOB Ha UX paJANKaIbHBIX [IeHTpaxX. Jlerkoe
oOpazoBanue antpaineHna (CisHio, p2) yepe3 auHaMUKY BO30YKIEHHOTO COCTOSHUS Ha
MOBEPXHOCTH TPHILIETa MOCPEICTBOM IHUKIONPUCOSANHEHHUS, KaK TOKa3aHO 3]1ECh,
npeAcTaBiseT (pyHIaMEHTAIBHBIA COBUT B «IPUHSTBHIX» B3TJSIAX U OTKPHIBAET IBEPb
1J1s 0oJiee «OBICTPOr0» CHHTE3a aPOMATHUECKUX, MHOTOKOJIBIIEBBIX CTPYKTYP, TAKUX KaK
TpexkombiieBbie [IAY 13 MOHOKOIBIIEBHIX paANKATBHBIX MPEIIICCTBEHHIUKOB (OSH3M) B
BBICOKOTEMIIEPATYPHBIX YCIOBHSIX, XapaKTEPHBIX ISl TOPEHHS U BHEIIHUX 000JI0YEK
3se3n ABI'. Kpome Toro, mpeanaraercsi crpaTterusi M3y4eHUS XUMHUYECKUX PEaKIuil
apOMAaTUYECKHMX M PE30HAHCHO CTAOMIM3UPOBAHHBIX CBOOOJHBIX DAIUKAIOB B
BBICOKOTEMIIEPATYPHBIX CpelaX, MMEIOIIUX OTHOLICHHE K OPraHWYecKOW XUMHUH U
XMMUU MaTEPHUAJIOB, YTO B KOHEYHOM HTOT€ MPUBOJUT K YTIIEPOTHBIM HAHOCTPYKTYpaM,

TaKUM Kak (yJuiepeHbl, rpadeHbl 1 HaHOTPYOKu [171-174].

3.1 MexaHu3M U KHHETHKA peaKkIuu 0eH311a U ponapruia

Pucynku 3.3-3.6 WLIIOCTPUPYIOT MHOCTPOEHHBIE JMArpaMMbl MOTEHIHAIHLHOM
SHEPrUM, T[OKA3BIBAIOIIME OTHOCUTENIbHBIC JHEPrud  JIOKAJIbHBIX MHUHHUMYMOB,
MePEXOTHBIX COCTOSTHUH U MPOTYKTOB IO OTHOIIEHUIO K pearentam C7H; + CsHj, a Taroke
UX TPEXMEPHYIO T'€OMETPUIO. BBIUMCIICEHHBIE 3[ECh DHEPIUU MPUBEAEHBI BMECTE CO
3HAYCHUSIMH, TIOJYYCHHBIMU B TIPEABLIYIIEM UcclienoBanun Maiyru u Muécu [165] Ha
ypoBHe CBS-QB3 st cTpykTyp € 3aKpbITOM OOOJOYKOW U C HCIOIb30BAHUEM
KOMIIO3UTHOT'O TPUIUIET-CUHIJIETHO-IIEIEBOIO METOAA [JII CHHIJIETOB C OTKPBITOU
00010uk0i. BUIHO, YTO OTHOCUTENIbHBIE SHEPIUHU, MOJyYEHHBIC B HACTOSIIEH padoTe,

BecbMa OJIM3KH K TEM, 0 KOTOPBIX coolmaroT Mamyru u Muécu [165], mpudyem pazimmuus
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HE MPEBBIIIAIOT 3 KKaj/MOJb, a B OOJBIIMHCTBE CIy4aeB HaxXoAsTcs B mpenenax 1—2
KKaJ1/MOJIb.

Bo BxogHOM KaHale, B 3aBUCUMOCTH OT TOT'O, IPUCOEIUHSIETCS JIM MPONapruil K
BHekoublieBoi Tpynmne CH; Oensmna mmubo csoum CHj- mu6o CH-koHiom, Moryr
00pa30BBIBATHCA JBA Pa3HBIX HAYAJIBHBIX KOMIUIEKca: 3-Oytunmioenzon (wl) umm 2,3-
OyTaaneHun0en301 (w2), COOTBETCTBEHHO, YTO MOKa3aHO Ha pUCyHKe 3.3. DTa 4acTh
AuarpaMmbl TOTEHIMATBHOM 3HEPrUM MOKa3bIBaeT Hanbojiee KOPOTKUE PEaKlMOHHBIC
NyTH, B KOTOPBIX 3a MEPBOHAYAJIbHBIM OOpPA30BAaHUEM CBSI3U Cpa3y CIEAYET pPa3pbIB
apyroi cBs3u C-H wm C-C, npuBomsimii Kk npoaykram pl-p4. Bce 3tu xaHasel
ABJIAIOTCA JHAOTEpMUYECKUMU. HanMeHee SHIAOTEPMUYECKUM U3 HHUX SBJSETCA
oOpa3zoBanne paaukana l-henun-2,3-Oyragumenuna (pl) + H, nexamero nwa 11.8
KKaJ/MOJb BbIllle peareHToB. Jlpyrue mnpoaykrtsl C mnortepeii H Bxmouwator 1-
ocH3umponaprua (p2) u 1-6ensunamienun (p3) ¢ 6ojee BBHICOKOHW OTHOCHUTEIbLHOM
sHepruer 19,6 u 17,4 kkan/moib, coorBeTcTBeHHO. [Ipoaykr ¢enwmn (p4) + i1-C4Hs,
oOpasyrommiics npu paspbiBe BHeHHeW cBsizu C-C psiioM C KOJBLIOM, UMEET CaMYIO
BBICOKYI0 OTHOCUTENbHYIO »HHepruto 21,8 kkan/monb. XoTs mpoayktel pl-p4 He
SBJISIFOTCSL DPHEPTE€TUYECKU BBITOAHBIMU, BEAYIME K HUM KaHaJbl MPEAMOYTUTEIbHBI C
TOYKH 3PEHUSI SHTPOIIUU, UTO YBETUUMBAET BEPOSTHOCTh X 00pa30BaAHMUS IIPH BBICOKHX
TeMIepaTypax.

Jlanee paccMaTpUBAIOTCS SHEPreTUYECKH BBITOJAHBIE KaHaJbl, BEIyIIHE K
panukanam metuieHuHaanuna (pS, p9 u pl0) + H u metunenunaenam (p6é u pll) + Ho.
[Tyt x p9, p10 u pl1, HaunHarOMMECH ¢ W2, TTOKa3aHbl Ha pucyHke 3.4. bokoBasi 1iernb B
W2 MOXKET 3aMKHYThCS B ISTHYJIEHHOE KOJIb110 ¢ Tpynnoi CH; BHe konbLa, 00pa3ys wl4
C KOTOPOI'0 MOKET OTOPBATHCSI ATOM BOJIOPOA C IEPEXOAOM K P9, paaukaiy 1-meruien-
2-uHJaHWIa, JexameMy Ha 16,7 Kkan/Monb HWKE MCXOMHBIX peareHTOB. Briciiee mo
SHEPrUU MEPEXOJHOE COCTOsiHUE 1o myTH W2 — W14 — p9 + H naxonutcs na 15,3
KKaJI/MOJIb HH)KE peareHTOB. AJIbTepHAaTUBHO, W14 MOXXET u3oMepu3oBaThcs B wl7 3a
cuer 1,3-H murpanuu B naTu4IeHHOM KoJiblie, @ W17 MoxeT notepsath atoMm H u3 n1Byx

pa3HBIX MOJIOKEHUI ¢ obpazoBanuem p9 wimm pl0 (3-metmnen-l-unpanun, Ha 13,4
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KKaJI/MOJIb HUKE SHEPTUH PeareHToB) 0e3 rnmepexoaHbix coctosauit. 1,2-H casur B wl4
NPUBOAMT K W18, 1 mocneauuii MoxeT norepsath 6o H ¢ o6pazoBanuem pl10, mu6o H

c 00pa3oBaHMUEM | -METHIICHUH]ICHA.

Pucynok 3.3 — /IluarpaMMa noBepXHOCTH MOTEHIIMAIBHON SHEPTUH JJIsl HAYAJIbHbBIX

craauii peakiu C;H; + C3H3. Bee sHeprum oroOpaxeHbl B KKaji/MOJTh

Xota mpoaykt pll + H; B menom sBisercss CUIBHO SK30TepMHueckuM (Ha 78,3
KKaJI/MOJIb), TIEPEXOIHOE COCTOSIHUE C OTPhIBOM Hj; TpeOyeT BBICOKMX SHTPOMUNWHBIX
3aTpaT ¥ HaxoauTcsa Ha 22,4 KKajl/MOJIb HUXKE peareHToB, HO Ha 55,9 kkajn/Momb BhIIIe
npoaykra. Matepmenuat wl7 Takxe MOKET M30MepU30BaThCs B W22 uepe3 w20 3a cuer
nocleaoBaTeNbHbIX 1,2-H Murpanuii BHyTpH MIECTUYICHHOTO KOJIbIla, TPU 3TOM W22 B
KoHeuyHOM uTore auccoruupyer B pl0 + H. [lo-Bumumomy, ucxom peakiuu JTOKEH

KOHTPOJIMPOBATHCS MEPEXOIHBIMU COCTOSAHUSAMMU, coequHsonmmu wl4 u p9 + H, wl7 u
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w18, coorBeTcTBEeHHO, Haxoasmumucs Ha 15,3, 13,0 u 7,7 kka/Mob HUXKE TI0 DHEPTUU

ucxoaHbIx pearentoB C;H7 + C3Hs.

Pucynok 3.4 — JIlmarpamma moBepXHOCTH MTOTSHITMAIILHOM dHEeprun peakuu C7H7 +
C3Hs; BrTrOUaromass MOHOMOJIEKYIISIPHBIC TIPE0Opa30BaHMS TPOMEKYTOUHOTO

koMIiekca wl. OTHOCHTEIIbHbBIC OHCPIruu nNpcacCTraBJICHbI B KKaJI/MOJIb

3aMbIKaHHIO TISITHYIEHHOTrO KOJIbI[a B APYTrOM HadyallbHOM MHTepMenuare wl, wl
— w4 — w8, npenmectsyer 1,2-H caBur ot 00KOBOM 11eTH K MIECTUYIICHHOMY KOJIBbITY
(pucynok 3.5). bumuknmueckwii mHTEpMeauaT w8 MOXKET Janee H30MEpHU30BaThCS
MOCPEJICTBOM TpeX pa3inudHbiXx 1,2-H murpammii ¢ o6pazoBanuem wl0, wll wim wl2,
cpeu KOTOpbIX MyTh K W10 SBHO OpeanodTUTENhbHEE M3-3a €ro 3HAYMTENIbHO OoJjee
HU3KOM BBICOTHI Oapbepa. Bce Tpu mpomMexyTouHbix coequHeHuss wl0-wl2 moryr
OTCOEIMHATH aTOM BOAOpoa 0e3 mepeBaia ¢ 00pa3oBaHrueM 2 -MeTuiIeH-1-unaanuna pS,
nexartero Ha 20,4 Kkan/mMoib HIKe peareHToB. Kpome Toro, wl() MoKeT OTCTpEelnHTh
MOJICKYJISIPHBIM BOZOpO ¢ 00Opa3oBaHWEM 2-METHIICHHHACHA, HO 3TOT IIAr PEaKIhH

MMeEET BBICOKUH BBIXOJTHOM Oapbep.
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Pucynok 3.5 — /luarpaMmma noBepXHOCTH MOTEHLIMAIbHOM 3Hepruu peakuuu C;H; +
CsHs u pa3noxenust HadanbHOro komruiekca W1. OTHOCUTENbHBIE SHEPTUH

MMpCACTaBJICHLI B KKaJl/MOJIb

Ha pucynke 3.6 mokazaHbl NyTH JalbHEUINUX NpeBpallleHud uHTepMeauata wl7
(oOpazoBanHOro m3 w2, pucyHok 3.4), Benymwmx B HadramuH (pl4) wim B ero
HEMOCPE/ICTBEHHBIX TPEAIIECTBEHHUKOB. BHekonbleBas rpynmna CH; B wl7 moxer
BHENIPATHCS B MATUYIEHHOE KOJbLO, o0Opasys w23. Ilocinennuii 3aTeM MOXET
noasepratbes 1,2-H murpanum n3 rpynn CH; B HOBOM IIECTUYJIEHHOM KOJBIE K
cocenHemy “ronomMy” (0€3BOJOPOAHOMY) aTOMY YTJepojia, UYTO MPUBOJIUT K OPTO- H
napav3omepam auruapoHadranmna w24 u w25, coorBerctBeHHO. Kak w24, tak u w25
MOTyT Tepsath atoM H, o0pa3ys pagukan 1H-nadraminuna pl2. IIpomexyrounoe
coeluHEHE W24 Takke MOXKeT pasznaratbes 10 2H-nadrammauna pl3 + H, Torma xax
w25 Moxet orcoennHuTh Hy ¢ 06pazoBanueM HadTanuHa pl4, mpoxos yepes nepepal.
Xotda nyty oT wWl7 Kk npoaykraM pl2-pl4 10BOIBHO BBITOJIHBI C YHEPIE€TUUECKON TOUKHU
3peHus, OHM Topa3zio Oojee TpeOOBATENbHBI K SHTPOINMH, YeM IpocThie moTepu H ot

ATOT0 MPOMEXYTOUYHOTO COCTOAHUS, mpousBoasue p9 nwm plo.



61

Haxkonen, mccnemoBanach BO3MOXKHOCTh Npotekanus peakuuu C;H; + C3H; B
TPUIUJICTHOM DJIEKTPOHHOM COCTOSSHUHU (pucyHOK 3.6). 31mech nBa pajuKaia MOTYT
pekoMOMHUpOBaTh depe3 Oapbep B 15,0 kkan/monb ¢ 0Opa3oBaHHEM HAYaJIbLHOTO
uHTepMeauara wl', B kotopom nponaprun npucoeaunen k CHp-rpynmne 6ensuna CH,-
koH1oM. wl' HaxoauTcs Ha 17,4 KKa/MoJIb HUKE PEareHToB [0 SHEPIUM U Jaliee MOKET
MO/IBEPraThCsl 3aMBIKAHUIO IIECTUYICHHOTO ITUKJIA, TPUBOMSIIIEMY K MPOMEKYTOUHOMY
coelMHeHnI0 W2, pacrosnokeHHOMY Ha ypoBHe -11,3 Kkan/Moib, dyepe3 mepexoaHoe
COCTOsIHUE, pacnosioxkeHHoe Ha 9,9 kkan/monb Beime C7H7; + C3H;. Takum oGpazowm,
uuknonpucoenunenne C;H; + C3Hz ¢ oOpasosanueM w2 SBJIsSeTCS CTYNEHUYATHIM, @ HE
OJIHOIIIATOBBIM, KaK B CIy4ae M3y4YEHHOr'O IUKJIONPUCOCTUHEHUs] OeH3MI + OCH3UI B
TpuIieTHOM cocTossHuU [29]. HecMmoTpst Ha TIATENbHBIA MOWCK, HE YAAJIOCh HAUTH
NEPEXOHOE COCTOSIHUE JUIsl oAHouiaroBoro uukionpucoenunenus CsHs k C7Hs.
[IpomexyTouHoe coequHenue w2 Tepser atom H B MecTe coelMHEHHs IBYX KOJELL C
oOpazoBannem mpoaykra CioHg p15, nexarero Ha 6,1 Kkaji/MOJIb BBIIIE pEareéHTOB Yepes3
MEePEXOHOE COCTOSIHUE, PACIIONoKeHHOoe Ha 14,3 KKajl/MOJb BBIIIE peareHTOB. 3aTeM,
pl5 ciayXuT npeanecTBEHHUKOM oOpa3oBaHHUs Ha(TalnHA, KOTOPbIA MOXET OBITh
obpaszoBan murpauueid H ot CH; k cocennemy cBobogHoMmy aromy C ¢ mocienyronien
notepeit H w3 nppyroit rpynmer CH,; peakums pl5 — nHabtammn + H sBusercs
AK30TEPMUYECKON Ha 3,5 KKa1/MOJb U OKUIAETCS, UYTO OHA OyJeT ObICTPON B yCIOBUSX

TOPEHUSL.
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Pucynok 3.6 — /IluarpaMmmMa noBepXHOCTH MOTEHIIMAIbHOM SHepruu peakuuu C;H; + C3H3 ¢ yueTtoM TpumieTHoro nyty u

paznoxeHust uHTepMeanaTa W17. OTHOCUTENbHBIE SHEPTUU TTPEICTABICHBI B KKaJ/MOJTh
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OOpatumcst  Temepp K  BBIOOPY NPOTOTUIHBIX  PEAKIUN  paguKaTbHOM
peKOMOUWHAIIMK, TOJOOHBIX OOpaTHBIM peakuusM sl 0e30apbepHOro pa3ioXKeHUs
MpOMEXyTOouHbIX coenuHennii CigHio mpu paspeiBe onuHapHOW CBsizH. KOHCTaHTHI
ckopoctu B npenene B/l miusg 3TUX NMPOTOTUIIHBIX PEaKLUM, PACCUUTAHHBIE B PAHHUX
[5,100] paborax c¢ wucmoms3oBanueM moaxoga VRC-TST, ObuIM HCIIONB30BaHBI IS
pacuera KoHCTaHT ckopocteil metoqom PPKM-OKY. B uactHocTH, M3-3a CXOJCTBa
panukanoB I-C4Hs u ammmna xkoncranta ckopoct (CgHs) p4 + H Oblia mogorHaHa B
paMkax Teopuu (a3oBOro MpocTpaHcTBa K KoHcTaHTe ckopoctd CgHs + ammun [72],
JICJICHHOW Ha 2, C y4eToM pa3nuyus B (hakTope CHUMMETPUM JJisi MYTH PEaKIvu.
Koncranta ckopoctu pl + H nmpuHumanace paBHOM KOHCTaHTe ckopoctu H + ammna
[84], Taxke pa3aenennyro Ha 2. g p2 + H —» wl/w2 B KauecTBe MPOTOTHUITOB OBLIH
cootBeTcTBeHHO BHIOpaHsb! [84] peakmwu H + CH;CHCCH — CH3;CH,CCH m H +
CH3;CHCCH — CH3CHCCH,. KoncranTa ckopoctu H + CH3CHCCH — CH3;CHCCH,
TaKke ucnojib3oBanach mia p3 + H — w2. Jlng peakiuii, oOpaTHbIX 00pa30BaHUIO
HU30MEPOB METHJICHUHaHUI-paJUKaIoB, B ToM uucie pS + H — wl0/wll/wl2, p9 + H
— w17 u pl0 - wl7/wl8, ucnoms3oBaiach koHcTaHTa ckopoctn CsHs + H [84],
JeICHHYI0 Ha Kod(hduimednT 5 s KaxJaoro KaHana, HCXOAS €3 TOro, YTO
nprucoennHenre H mponcxoauT k apoMaTudecKoMy TT-pauKaiy.

Ha pucynke 3.7 mokazana cymmapHasi KOHCTaHTa ckopocTH peakiuu C7H; + CsH3
B nipeaesnie B/I, paccuntannas 3aeck ¢ ucnoiabzoBanueMm teopun VRC-TST, B cpaBHeHUH
C KOHCTAaHTOW CKOpPOCTH, IMoaydeHHOH Mamyru u Muécu [165] B pamkax
MuKpokaHoHndeckoro BapuanuonHoro TST (VTST) meroga. OTuernuBbie pa3auyus
BHJIHBI KaK B 3HAYCHUSX, TAK U B TEMIIEPATyPHOI 3aBUCUMOCTH PACCIYNTAHHBIX KOHCTAHT
ckopoctu. KoHcranTa ckopocTH, paccuuTaHHass B mnoaxoae VTST, mnoka3siBaer
OTpULIATENFHYIO TEMIIEPAaTypHYIO 3aBUCHMOCTh BO BCeM auamna3zoHe temmepatyp 500-
2000 K, paccmatpuBaemMom Mamyru u Muécu, ymensinasich ot 5,8x10™7 10 9,1x107%2 em®
¢!, Koncranra ckopoctu VRC-TST nokasbiBaeT Gojee CIOXKHYIO TeMIEpaTypHYIO

3aBUCHUMOCTb, OTPHUIIATEIHHYIO PY HU3KKUX TEMIIepaTypax v MOJIOKHUTEILHYIO TTPH 0oJiee
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BBICOKUX TeMIIepaTypax, ¢ MUHUMAIbHBIM 3HaueHneM 2,8x10% cm® ¢, nocturaembim

okoJio 800 K.
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Pucynok 3.7 — Cymmaphast KoHCTaHTa ckopoctu peakiuu CsH7 + C3Hs, paccunrannas

B nipenene B/ B cpaBHeHuu ¢ padoToit Martyru u ap.

Takoe mnoBeAeHWE TUMHYHO JII pPEAKUUA MEXAYy JBYMS PE3OHAHCHO
crabmm3upoBaHabIMA paankaitamu. Korcraatel ckopoctt VRC-TST u VTST 6mzku
npu 900 K, Ho VTST 3nauenue npesbimaeT Tekyumid VRC-TST pesynstar B 1,93 paza
npu 500 K. Pa3nuria emie 60mbIiie mpu BHICOKMX TEMIIEpATypax, I/1€ KOHCTaHThI CKOPOCTH
VRC-TST Berme, uem VIST B 3,9 u 6,1 paza npu 2000 u 2500 K, cooTBeTCTBEHHO.
Otmerum, uto 17151 2500 K 6b1710 SKCTpamoanpoBaHo BbIpakKeHHE, BHIBEACHHOE Maiyru
1 Muécu B remmniepatypaom nnatepsaie 500—-2000 K. Cnazg o61ielt KOHCTaHTBI CKOPOCTH,
pacCYMTaHHOW MPU PA3TUYHBIX KOHEUHBIX JABJICHUAX, ONpeaessieTcsa 0alaHCcoOM MEXITy
CTOJIKHOBUTENILHOW CTaOMiM3alMell HWCXOAHBIX HUHTepMenuatoB wl u w2, wux
pa3joXKeHUEM OOpaTHO HA peareHThl U JUCCOIMalell Ha OMMOJNIEKYISIPHBIE TTPOAYKThI

nytem otmieruienus H nmu i-C4Hs.
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Pucynok 3.8 — KoHcTaHTBI CKOPOCTH i1 OCHOBHBIX KaHAJIOB MPOJAYKTOB JIJIs
CsH7 + C3H3 B ipeniene BbICOKOTO AaBiieHus (CriionrHas auHus) u 1 at™ (a), rae (0) —
wl, (0) -w2, (+) - pl, (®) — p2, (m) — p3, (x) — p4, (@) — p5, (A) - p9, (V) - p10;
(6) cpaBHEHHE KOHCTAHT CKOPOCTEH MOHOMOJIEKYJISIPHOTO pacmnaga wl/w2 (m/4) C

pabotoit Martyru u Muécu (+/x) npu 1 atm

B nuanazone temneparyp, riae npeodianaeT CTOIKHOBUTEIbHAS cTadunu3anus, 10 800,
1000, 1125 u 1375 K npu npaBaenusix 30 Topp, 1, 10 u 100 at™m, COOTBETCTBEHHO,
KOHCTAHTBI CKOPOCTH MPU KOHEYHBIX JIaBJCHUSX 10 BETUYUHE OYEHb OJIM3KH K TIpeIey
BJI. Ilpu Gosee BbICOKMX TeMmIiieparypax pacnan wl m w2 oopatHo B C/H; + CsH3
CTAaHOBUTCSl 3HAYUTEILHBIM, U HAOIIOJACTCSd PE3KOE YMEHBIIIEHUE MOJHON KOHCTAHTHI
ckopoctu B auarnazonax 800-1750 K (30 Topp), 1000-2000 K (1 atm), 1125 -2250 K (10
atM) u 1375-2500 K (100 arm). [Ipu Oosiee BBICOKHMX TeMmIlepaTypax BCTYHalT B
JefCTBUE KaHAJIbI, BEYIIHE K 00pa30BaHUI0 OMMOJIEKY/IIPHBIX MPOAYKTOB, U KOHCTAHTHI
MOJHOM CKOPOCTM TpM KOHEUYHOM JIaBJICHMM IIOKA3bIBAIOT  IOJIOKUTEIBHYIO
TeMIepaTypHYI0 3aBUCUMOCTB, TIpr 2500 K nx 3HaueHus cnuBatotcs. CieayeT OTMETHUTD,
yto pacuersl PPKM-OKY 6butn BbillONHEHBI ¢ napameTpamu Jlennapnaa-/[»xoHca u
nepenayn dHEPruv, MCIOJIb30BaHHBIMM Manyru u Mwuécu, HO 3HA4YEHUs KOHCTaHT
CKOPOCTH M3MCHHIINCh OTHOCHUTEIBHO MaJlo, ¢ HAaUOOIbIIUMHU pa3iauausiMu J10 13-52%,

KOTOpbl€ HAOMIONAIOTCS BOJM3M  TEMIEpaTyp, HpPH KOTOPbIX OTpUlATENbHAs
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TeMIlepaTypHas 3aBUCUMOCTh TEPEXOIUT B TOJIOXKHUTENbHYIO. B apyrux mmamazoHax
TEeMIIepaTyp Pa3Indusi OOBIMHO HE MPEBBIMIAIOT HECKOIBKUX MPOIEHTOB.

AHanmu3 pacyeTHBIX KOHCTAaHT CKOPOCTEH IMOKa3bIBA€T, YTO TMpsiMas peakIus
MIPEUMYIIECTBEHHO 00pa3yeT CTaOMIN3UPOBAHHBIE CTOJKHOBEHUSMH KOMIUIEKCH W1 1
w2. B wactnoctu, Ha wl 1 w2 npuxonutcsa 6omnee 90 % ob611ero BeIxo1a MpoayKTa g0
1375, 1650, 1800 u 2000 K mpu 30 Topp, 1, 10 u 100 aTtm, COOTBETCTBEHHO.
CootHomienue BoixogoB wl/w2 ocraercs mexay 3,3 npu 500 K u 1,4 npu BbicOkux
TeMIiepaTypax, Korjga o0a MpOMEKYyTOUHBIX COCTMHEHUS BCE €Ill€ CYIIECTBYIOT B BUJIE
CTaOMJIbHBIX XUMUYECKUX COCNMHEHUMN; 3TO COOTHOIIIEHUE PETyIMPYeTCcs KOHCTAaHTaMHU
ckopoctH B nipenene BJl mist mpucoequuenus nponapruia k 6ensmity no koniam CH; u
CH cootBerctBerHo. IIpu Oosiee BBICOKMX TeMmIepaTypax HAYMHAIOT Mpeo0saiaTh
OMMOJIeKyIIpHBIC TPOAYKThI, BKIrouatonue p3 + H, CgHs (p4) + i-C4Hs, p2 + H, p9 + H,
pl + H, p5 + Hu pl0 + H. OcHoBHOl BKJIaJ BHOCAT p3, p4 U p2, 32 KOTOPHIMU CIEAYET
P9, BeIXOA KOTOpOoro npu 1 atm gocturaer makcumyma 2,4% npu 2000 K. KoncraHTbl
CKOPOCTH OTJI€JIbHBIX TPOJYKTOBBIX KaHayoB peakimu C;H; + CsH; mokaszansl Ha
pucynke 3.8a s naBienus 1 atm. Kak BujHo Ha pucynke 3.80, wl 1 w2 B OCHOBHOM
pasnaratorcs OOpaTHO Ha PEAareHThl ¢ KOHCTAaHTAMHM CKOPOCTEH, MPaKTUYECKH HE
3aBUCSAIIMMHU OT JaBJIEHUS, 32 UCKIIOYEHHEM HM3KUX TEMIIepaTyp, T/l€ UX 3HAYCHUS
CJIMILIKOM MaJibl ¥ IOATOMY He3HAYUTEIbHbI. KOHCTaHThI CKOPOCTH MOHOMOJIEKYJISIPHOT'O
paznoxkenuss wl u w2 1o OeHsuna + mponaprujiia ObICTPO PacTyT C TEMIIEpaTypou u
craHoBsaTca Bbime 102 ¢t mpu 1000 m 1125 K u 10° ¢t mpu 1250 u 1500 K,
COOTBETCTBEHHO. DTO YKa3blBaeT Ha TO, YTO IMPHU TEMIIEpaTypax, COOTBETCTBYIOLIUX
rOPEHUI0, BEPOSITHO, yCTaHaBiuBaercs paBHoBecue Mexny CsH; + CsH; u wl/w2.
MertuneHuHAAHWIbHBIE TPOAYKTEI P9 uw  pl0  WU3BECTHBI KakK  BEPOSITHBHIC
npealiecTBeHHUKN HadTamuHa [2,96]. ManoBeposTHO 4To 00paTHbIe peakiuu (pl-p4) +
H nanyt cymectBeHHblIi BKiIaa B popMupoBaHue HadramuHa.

Manyru u Muécu [165] npemiokuin ClIeAyOMUNA yIpOIIEHHBIH MeXaHU3M
oOpa3oBaHus pajauKaioB MeTwieHHHAaHwna p9 u pl0, KoTopbie 3aTeM MEPEXOIAT K

oOpa3oBanmio HadrammHa pl4 U ero METUIICHUHIEHOBOTO M3omepa pl1:

C/H; + C3H; S wl; (Rl)
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C/H7 + CsHs S w2; (R2)
CsH; + CsHsz — (p9 + p10) + H; (R3)
w2 = (p9 + pl0)+H . (R4)

Tekyume pacyeTsl Aal0T 0oJiee TOUHBIE OTHOCUTENIbHBIE BBIXObI MPOAYKTOB. Pa3zHuiia
BO3HHMKAET W3-3a YIY4YIIEHHOW OOpabOTKM BBIXOAHBIX 0€30apbepHBIX KaHAJOB C
ucronb3oBanneM VTST B paGore Mamyrn u Muécn u B paMmkax TeopuH (Ha3oBOTO
MIPOCTPAHCTBA (COOTBETCTBYIOINIEH noaxoasmum pedynbTatam VRC-TST) B HacTosiei
pabote. BBuAy 3TOro pasnuuus ¥ HBHEIIHUX PE3YJIbTaTOB MPEIaraeTcsi HECKOIbKO
pPaCIIUPEHHBIA BAPUAHT 3TOW YNPOLIEHHOM MOJENH, KOTOPBIM JOJDKEH BKIIKOYATh,

nmomuMo (R1)-(R4), o6patasie peakiinu (R3) u (R4), a Taxxke:

C/H; + C3H; S p3 + H; (R5)
C/H; + C3H3 S p4 + i-C4Hs; (R6)
p3+H S p4 +i-Cy4Hs; (R7)
p3 +H — (p9 + pl10) + H; (R8)
p4 + i-C4Hs — (p9 + pl10) + H. (R9)

Kpome Toro, erie 0osee yrnpoIieHHbIN MeXaHu3M, TIpeaioKeHHbIN Malyru u Muécu miis
BBICOKOTeMMepaTypHbix yciaoBui, (T/K) > 100 X logio(p/atm) + 1400 B nmama3zone
nasienuit 0,01-100 atMm, KOTOpble BKJIIOYAET BTOPUYHBIE PEAKIIMH C OOpa3oBaHUEM
HaTaJivHa W METWICHUHJEHA, TMO-NPEKHEMY aJ€KBAaTHO OINHUCHIBAET KUHETUKY

oOpa3zoBaHus HaTalMHA, HTHUIIMMPOBAHHOIO PEKOMOMHAIMEN OEeH3MIa ¢ TPOIaprujioMm.

C;H; + C3H; — (p9 + p10) + H; (R3)

(p9 + p10) — pl11 + H; (R10)
(p9 + p10) — pl4 + H; (R11)
pll +H — pl4 + H; (R12)

CpaBHEHHE KOHCTAaHT CKOPOCTEW pa3IMYHbIX PEaKLUN PACCUUTAHHBIX B JAHHOU
paborte, B pabore Mebemst u ap. [18] u Maryru u Muécu [165] nmokaszaino, uro aas (R3)
KOHCTAHTa CKOPOCTH HMK€ 3HaueHnd Manyru u Muécu npu Oonee HUBKHX
temmneparypax oT 8 pa3 npu 500 K, 2 pa3 npu 1000 K, 1o 40-50% oxono 1400-1500 K.

OI[HaKO KOHCTAHTBbI CKOPOCTHU IPAKTHYCCKU COBIIAJAIOT IIPH BBICOKHUX TCMIICPATypax
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Boimie 1600 K, 1. e. B TemmepaTypHOM pexume, HauOojiee MOIXOASIIEM STOMY
mexanu3my. Koncrantsl ckopoctu 1 (R1) u (R2) kak B npssMom, Tak 1 B 00paTHOM
HaIlpaBJICHUAX B LIEJIOM OKa3aiuch BecbMa cxoxu. Hanmpumep, npu 1000 K koHCTaHTBI
CKOpPOCTEH B MPSIMOM HarpaniieHuu paziudarotcs Ha 40-45 %, a B oOpatHoM Ha 22-34
%. OJIHaKO €CTh JIBa OCHOBHBIX OTJIMYHUS: BO-TIEPBHIX, KOAPPUIIMEHT BETBICHUSI W1/W2,
KOHTPOJUPYEMbI KOHCTAaHTaMH CKOPOCTH BXOJIHOI'O KaHajla, 3aMETHO BBIIIE B
HACTOALIMX pacuerax, M, BO-BTOPbIX, KOHCTaHTbl CKOPOCTH MPSMOM peaKkluH,
paccuutanHsle Manyru u Muécu, ObICTPO MaJalOT 1O OYEHb MajbIX 3HAUEHUN NpU
temriepatypaxX Beime 1500 K. Pesynbrarhl mOKas3bpIBalOT, YTO MPSIMbIE KOHCTAHTHI
ckopocTeld Juisi oOpa3oBaHuss Wl M W2 OTHOCHTEIBHO Majl0 YMEHbBILAIOTCA C
TeMrepaTypoit u ocrarorca Beicokumu (Boimie 1072 cm® ¢t) o 1800 K. Bemmue ortoif
TEeMIIepaTypbl pacyeThl MOKA3bIBAIOT, YTO W1 W W2 CTaHOBSITCS HECTAOWIbHBIMU U
MIPEBPAIIAIOTCS B IPOYKTHI UX pa3ioxeHus, B ocHoBHoM C;H7 + C3Hs. [pu cpaBHeHUn
KOHCTaHT CKOPOCTEN MOHOMOJIEKYJIIPHOT'O paciiaja paJuKaioB METUICHUHIaHUA P9 u
pl10 Ha mertunenunacH (pl1) u Hadranuu (pl4), monyueHasiMu MebGenem u np. [18] B
2016 . u Manyru u Muécu [165], 0OHapyXHIMCh CyliecTBEHHBIC pa3inuns. KoHcTaHThI
ckopoctu obpazoBanus pll B menmoM Oosiee 4yeM Ha MOPSAJOK BBIIIE, YEM 3HAUYCHMUS
Manyru u Muécu, Toraa Kak ajis oopazoBanus pl4 pa3iauuusi MEHbIIE U YMEHBIIIAIOTCS
¢ 8,5 paza npu 800 K no 1,4 paza mpu 2000 K. Kpome Toro, pacuersl npeacka3biBaiu
ropa3zo 0ojee BHICOKHMI BBIXOJ METHJIEHHWH/]IEHA 110 CPAaBHEHHUIO ¢ Ha(TaJIUHOM, TOTJa
kak Marmyru u Muécu mnpenckasbpiBaan oOpatHoe. Paznmuuus B KOHCTaHTaX CKOPOCTH
OMMOJIEKYJISIpHOM peakiuu H-cTUMynupoBaHHON HM30MEpHU3AIMM METHJICHUHJICHA B
HadranuH (R12) MeHee BbIpa)K€HbI KOHCTaHTBhI CKOPOCTH, paccuutanHbie B 2016 r.,
BBIIIC TIpU OoJiee HU3KUX TemmepaTypax oT 4,7 pasza nipu 500 K g0 1,8 mpu 1000 K. I1pu
0oJiee BBICOKUX TeMIIepaTypax 3HaueHust Mairyru 1 Muécu HEeMHOT O BBILIE, HO Pa3Indus
Haxonarca B mnpeaenax 30%. IlonBoas UTOT, MOXKHO CKas3aTh, UYTO, XOTS HACTOSIIUE
pacuerbl kuHeTuku peakuu C;H; + C3zHz kauecTBEHHO MOATBEPKIAIOT MEXaHU3M,
npeayioKeHHbId Manyru u Muécu, KOJIMYECTBEHHBIE pa3JIMudsl B PACCUUTAHHBIX
KOHCTaHTaX CKOPOCTH TpeOyIOT WX BKIIOYEHHs B OOHOBICHHBIA MOAPOOHBII

KUHETUYECKUM MEXaHU3M O6paSOBaHI/IH ABYHOUKIIMYCCKUX IIPOAYKTOB, BKIIIOYas



69

Hadprasmua. Ha pucynke 3.9 cpaBHUBAIOTCS KOHCTaHTBI CKOPOCTH 0Opa3oBaHUS
BO3MOYKHBIX TIPEANISCTBEHHUKOB HadTammaa p9 u pl0 B peakimu 4epe3 CUHTIETHYIO
CioHi TITID u pl5 dvepe3 TpurmieTHyr0 NMOBEPXHOCTh. OUEBUAHO, UTO MpeodIagaeT
oOpazoBaHue p9Y U UTO POJIb TPUILJIETHOTO MYTH SIBJSIETCS HE3HAYUTENbHOM, TOCKOJIbKY
paccuuTanHasi KoHcTaHTa ckopoctu C7H7 + C3Hs — pl15 + H Ha 3-4 nopsiika HUXKe, yeM
st oOpazoBaHust P9, W TOPUMEPHO Ha 2 TIOpSJIKA HUXKE KOHCTAHTHI CKOPOCTH
oopazoBanmsi pl0. Hecmorps Ha TO, YTO peakius B TPUILUIETHOM COCTOSHUH
HEMOCPEJICTBEHHO MPUBOAUT K 0OOpa3oBaHUIO Ha(TAIMHOBOTO KapKaca, peakius
TOPMO3UTCSI OTHOCHUTEIBHO BBICOKMM OapbepoM ¢ HaJlU4YMeM HHTEPMEAHATOB,
pa3iokKeHNe KOTOPBIX OOPATHO Ha peareHTbl KOHKYPUPYET ¢ 00pa30BaHUEM IPOTYKTOB.

Taxxe ObUIM PacCMOTPEHBI KOHCTAHTBI CKOPOCTU PeaKuu OCH3MI + Mponapriui
JUIA JaBJICHUM TPUCYIIMX OKOJIO3BEe3AHBIM oOosoukam 3Be3n ABI. Ha pucynke 3.10
NPUBOJATCS TEMIIEPATypHbIE 3aBUCIMOCTH CYMMapHOW KOHCTaHThI CKOPOCTH PEaKIuH,
BeAyIMX K JBYHUKIMYECKUM npoaykram P9+pl0 npu nasnenusx 1,04x10° Topp,
1,04x10™ Topp, 1,04x10 Topp, a Taxxke Gonee Bricokux aapnenuii 30 Topp u 1 aTwm.
[TokazaHo, 4yTO MpH BBICOKUX TeMmIileparypax, crpemsumxcs k 2500 K, ckopocTb
o0pa3oBaHMsl JAHHBIX pAJUKAJIOB METWJICHUHJAHUIA [JS HM3MEPSeMbIX JlaBJICHUMN

HAXOIUTCA Ha ypoBHe okono 2,31x10 em® ¢,
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Pucynok 3.9 — CpaBHeHHE KOHCTAaHT CKOpOCTH kKaHanoB peakuuu C7H; + C3H; —
p9/p10 (m/e) + H Ha cunraernoit 1113 u C;H; + C3Hz — pl5 (A) + H Ha TpumierHoi

ITIOBEPXHOCTH, PACCUYUTAHHBIX ITPH 1 aT™M

OjHaKO MPH YMEHBIIIEHUH TEMIIEpaTyphbl U JaBJICHUS CKOPOCTh obpazoBanus (P9+pl0)
+ H yBenuuuBaeTcs Ha TMOPSJAKKA, YTO YKa3blBa€T HAa OYEBHUJHOE OCIa0JICHHE
CTaOMJIM3aAIlMU HAYaJbHBIX KOMILUIEKCOB W1 M W2 U pOCT BBIXOJla JBYIHUKINYECKUX
MPOJYKTOB peakiuu. Takum o0pa3om, B o0osiouke 3837 ABI” ipu ynaneHuu ot neHTpa
3BE3/Ibl, TJI€ TEMIIepaTypa U JaBJCHUS MAJar0T, BKIIAJ U3Yy4aeMOU peaKkIuu B CHHTE3€

JIBYLIUKINYECKUX COCTMHEHUN MOXKET ObITh CYIIECTBEHHBIM.
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Pucynok 3.10 — Koncrautsl ckopoctu peakiuu C;H; + CsHs — (p9 + pl0) + H,

paccUMTaHHBIC IIPU PA3IUYHBIX MaJIbIX JaBiacHUIX. O003HAUYCHHUS )1 JaBiacHU (m) -

1.04x10° Topp, () - 1.04x10* Topp, (A) - 1.04x10™* Topp, (V) - 30 Topp, (¢) - 1 atm

3.2 MexaHu3M U KMHETHKA CAMOPEKOMOMHAIIUU OeH3W1a

B oskcmepumeHTax — pagukaibl  OeH3Wsa  HapabaThIBAJUCh  MUPOIU3OM
oeHsunoOpomMuza B cpene — OydepHOro rasa — Telus B BBICOKOTEMIIEPATYPHOM
MUKpopeakTope B Jjaboparopuu mnpodeccopa l'aBaiickoro yHuBepcutera Ha MaHoa
Kaitzepa P.M. OxcnepuMeHTanbHOE HCCIEIOBAHUE MIPEJOCTABUIIO YOEIUTENbHbIE
nokasatenbcTBa hopmupoBanus kak henantpera (CiaHio, pl), Tak u antpanena (Ci4Hio,
p2) (178 a.e.m.) ¢ nonsimu 87 = 17% u 13 = 3% BMecTe ¢ TPOMEKYTOUYHBIMU ITUC-/TPaHC-
criiibOeHamu. (CigH12, 3/3"), a Takxke agnykra 1,2-nudenunytana (CigHia, 1, 182 a.e.m.)
BMECTE C BO3MOXKHO HE3HAUMTENbHbIMU PpakuusiMu 9,10-nurunpodenanrpena u 9,10-

muruapoanTpanerna (CisHip, 8/14, 180 a.e.m.). Antpauen (CigHip, p2) B mpomykrax
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peakunu C;H7+ C;H7 He Ob11 Ipeicka3aH B TEOPETUUECKOM UCCIIEA0BAHUH YIIEKTPOHHOM
CTPYKTYpbl u  MojenupoBanus Tuiamenu [168]. CormacHo wux  pacueram
caMOpeKOMOWHaNusl ~ OCH3WI-pajukajla B OKCIICPUMEHTAIBHBIX  YCIIOBHUSX
BBICOKOTEMIIEPATypPHOTO MHKPOPEAKTOPa JODKHA TPUBOIUTE MTOYTH MCKITFOUATEIBHO K
monekyne (enantpena (CpsHi, pl) ¢ BepxHUM mpemenoMm coaepkaHUs aHTpalleHa
(CiyHio, p2) He OGomee 1%. DTO OTIMYKME TMOYTH HA OJMH TOPSIOK BEIMYHHBI

CBUACTCILCTBYCT O HCIIOJHOM YYCTC PCAKIIMOHHBIX HYTeﬁ, BCAYIINX K aHTPALCHY

(C14H10, p2)

BrieynoMsHyTbie HECOOTBETCTBHSI TPEOYIOT JOMOJHUTENBHBIX HCCIEIOBaHUMN
caMOpEeKOMOMHAINKM OEH3WI-paiuKaia 3a TpeneaaMyd TPaJUIMOHHOW CHHIJIETHON
MIOBEPXHOCTH OCHOBHOT'O COCTOSIHMSI, IpuBosiieh k heHantpeny (Ci4Hio, p1) [168]. Ha
pucyHke 3.2 coOpaHbl TEOPETUUECKH MPEJCKa3aHHbIC KIIOUEBBIC TyTH, TOMUHUPYIOIIHE
B oOpazoBanun ¢enanTpeHa (CisHip, pl) Ha MOBEPXHOCTH CHHIJIETHOTO OCHOBHOTO
AJIIEKTPOHHOTO COCTOSIHUSI, HAayWHAs C PEKOMOWHAIMHM paJuKai-pagudKanl 4depe3 Hux
IIEHTPBI, pacroiokeHHble B MeTwieHoBo (CH;) wactm paaukana OeH3WIIA.
TpaguimonHasi TOYKa 3peHUs Ha CaMOPEKOMOMHAIIMIO pajuKaia OeH3ua mpeamnojaraet
PEKOMOMHAITUIO PaJIMKAJIOB Ha CHHIJICTHOM ITOBEPXHOCTH OCHOBHOI'O COCTOSTHHUS C HX
paguKaabHBIMU IleHTpamMu Ha (parmenTax CHj, yto mpuBoguT k 1,2-mudeHumdTany
(CeHsCH,CH,CgHs, 1). IMTocnenuuii MOXET MCIIYCKaTh aTOM BOJOpPOAa OT OJHOM H3
rpyni CHy, uto mpuBoaut k 1,2-nudenmmtuny (CeHsCH CH,CsHs, 2), nm moxert ObITh
CTaOMJIM3UPOBAH B PEAKTOPE IMOCPEACTBOM TPEXUACTUUHOMN peakinu ¢ Oy(depHbIM ra3oM
renveM. JIBa myTH peakiimu u3 (2) B KOHEYHOM HTOI€ BEIYT Uepe3 TPaHC-CTHUIHOCH
(CuH1z, 3) mwma 9,10-guruapodenntpen (CigHip, 8) vepes moTepio Tpex aToMoB
BoJIopoJia BMecTe ¢ mukim3amumedn g0  QenantpeHa (CyHip, pl). OO6mas
SHJIOTEPMHUIHOCTH peakiiuu 195 k/[>k/Moib MOKET ObITh KOMIIEHCHPOBaHa MOBBIIIICHHOM
temiiepatypoil peakropa (1473 £ 10 K); npoTekaHuio peakiiuu CriocoOCTBYET OTPHIB
aToMa BOJOpOJa IPYTHMH aTOMaMH BOJOpPOJaa, IPHUCYTCTBYIOIIMMH B CHCTEME, B
4acTHOCTH, st ctaauii (3)-(4), (8)-(9) u (14)-(15). DHepreTrka NepeXoIHBIX COCTOSIHHMA

npenamnojaraer, 4ro ooOpa3opanue ¢GenanTpeHa (CisHio, pl) depe3 TpaHC-CTHIBOCH
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(CiyH1z, 3) sBmseTcs MNPEaNOYTHUTEIBHBIM; IEPEXOAHOE COCTOSHHE C HaWBBICIICH
suepruen (3) + H — (4) + Ha, paBuoe 312 k/[»/momb, Bce emie Hke 6apbepa B 361
k/bx/™Mone g (2) —  (6) wu3oMepusaumu, HeoOxoaumoun s myta  9,10-
muruapodenentpena (CisHio, 8). T maHHBIE COTIACYIOTCS C DKCIEPUMEHTAIbLHBIMU
HaOJIOJICHUSIMU TTPOMEXKYTOUHBIX coeauHenuid 1,2-mudenmmrana (CsHsCH,CH,CgHs,
1) u tpanc-ctuibOena (CisHiz2, 3), monnepxkuBaronmx myth TpaHnc-ctriibOeHa (CiqHiz,
3); omnako mnyth 1,2-mudenmmrana (CgHsCH,CH,CeHs, 1) Henmb3ss mOMHOCTHIO
cOpacbiBaTh cO cueToB (pucyHok 3.2). OOpaTUM BHMMaHUE, YTO MYTh K (pEHAHTPEHY
(C14H10, pl1) mpoucxoaut Tombko uepe3 TpaHc-cTibOeH (Ci4Hiz, 3), HO B peakTope
TpaHc-ctuiibOeH (CigHio, 3) MoXkeT moaBepraThCsi M30MEpPHU3alUU C MTOMOIIBI0 aTOMa
Bosiopoja B 1uc-ctiiiboeH (Ci4H12, 3) [175]. [IpokoMMEHTHPOBAB MyTh K (PEeHAHTPEHY
(Ci4H10, pl), paccmotpuMm myTH peakiuu, Beaymmme k antparieHy (CisHio, p2). Onu
BBIJICJICHBI HAa PUCYHKE 3.2 U 0003HAUYEHBI KPACHBIM U CUHUM I[BETAMHU JIJIs1 TPUILJICTHOM
U CHUHTJIETHOM TOBEPXHOCTEW, COOTBETCTBEHHO. BO-mepBhIX, OCH3UI-paIUKAT MOXKET
TaK>Ke MPUCOCTUHSITHCS CBOMM PaMKaIbHBIM IleHTpoM ipu (pparmente CH, k oqHOMY
U3 OpPTO-TIOJIOKEHUI BTOPOro O€H3WI-pajuKalia Ha CHUHTJICTHOW TOBEPXHOCTU C
oOpa3oBaHueM MpoMekyTouHoro coequuenust CiqHi4 (11); TIaTenbHbie uccaea0BaHUs
Ha ypoBHe Teopuu B3LYP / 6-311G (d,p) nmyrem ckanupoBaHusi popuiis peakiuu ¢
MUHHUMAJIbHOM TOTEHIMAIbHOW SHEPrueil MOKa3bIBAIOT, UTO 3TOT MYTh SBIAETCA
6e30apbepHbIM. [locnenyronias moTeps atoMa BoI0pojia U3 OPTO-TIOT0KEHUS PUBOIUT
K IpoMexyTouHoMy coenuHeHuto Ci4Hi3 (12), KoTopoe MOKET N30MEPU30BATHCS Yepe3
3aMbIKaHuEe Kosblla A0 (parmenta (13). DTOT HPOMEXYTOUHBIM MPOIYKT HECET
VTJIEPOJHYI0 OCHOBY MOJIEKYJIBI aHTpalleHa W TOJBEPraercs MOCIeAYIOIIed MnoTepe
aTomMa Bojopoaa ¢ oOpaszoBanueMm 9,10-guruapoantpanieHa (CisHip, 14). JBe
JOTIOJIHUTENIbHBIE TOTEPH aToMa BOJIOPOJa, IepBas u3 KoTopsix, (14) + H — (15) + Ho,
(haKTHYEeCKU TPOUCXOIAIIAs 3a CYET OTpbIBa BoJopoia oT (14) aToMapHbIM BOIOPOIOM,
B KOHEYHOM wuTore mnpuBoauT K aHtpamneHy (CisHip, pP2) depe3s mpomMexyTodHOe
COCIMHEHUE (15). OnHocraguiiHas IOTEPS.  MOJIEKYJISIPHOIO BOJIOpOJA
HEKOHKYPEHTOCIIOCOOHA B IPUCYTCTBHH JIOCTATOYHOM KOHIICHTPAITUK aTOMOB BOJI0PO/Ia,

YYHUTBIBas BHYTPEHHEE MEPEXOHOC COCTOSIHUE, Haxosmeecs Ha 367 kJI)k/Moib BbIIIe
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SHEPrUU PAa3JCIEHHBIX PEAreHTOB MO CPAaBHEHUIO C MEPEXOAHBIMU COCTOSIHUSIMH C
OTPBIBOM U MOTEpEN aToMa BOJIOPOJIa, MOMEIIEHHBIMH TOIbKO Ha 158 u 218 kJ[>x/Moib
BBIIIE pa3/IEJICHHbIX peareHTOB. Bo-BTOphIX, 00a panukana O€H3WJa MOTYT TaKke
PEKOMOMHHpOBATh HA  IIOBEpXHOCTH Tpumiera (a*A) mocpeactBom  [3+3]
LUKJIONPUCOECTUHEHUS Yepe3 MEPEX0HOE COCTOSHUE BO BXOJHOM KaHae, HaXOsSIIeMCs
Ha 71 x/I>k/MOJb BBILLIE SHEPTHU PaA3/IEICHHBIX PEAreHTOB, YTO MPUBOJUT K TPUILIETY
43,8a,9,10-rerparuapoantpariet (Ci4H14, 10). DTOT HHTEpMETUAT COAEPIKUT TPU KOJIbIIA
u o0Opasyercs B pe3yJbTaTe OJHOKPATHOTO CTOJIKHOBEHHS ABYX paJuKajioB OeH3Mia B
pesynbTare iukiIonprcoeannenus (pucyHok 3.11). MatepecHo, uro (10) He cyliecTByeT
B CHHIJIETHOM 3JIEKTPOHHOM cOCTOsiHUU. [Ipu onmtumusanum, HauvHas ¢ TPUILIETHOU
r€OMETPUU M CUHIJIETHOM HayaJbHOM BOJHOBOM (DYHKLUMU C OTKPBHITOM OOOJIOYKOMH,
CTPYKTypa IOJBEPraercsi caMONpPOU3BOJIBHOMY PACKPBITHUIO IIEHTPAJIbHOI'O KOJblia, U
ONTUMHU3ALMS CXOAUTCA K OTKPBITOW cUHIJIeTHOM cTpykType (11). Ha moBepxHocTn
Tpuruiera mocie obpaszoBanusi (10) Tepser aTtom BomoOpoga € 00pa3OBaHUEM
IPOMEXYTOUHOTO mponaykTa (13), KOTOpbli B KOHEYHOM HUTOre TEpseT JBa aTroma

Boziopoza ¢ oopa3oBanuem antpareHa (CisH1o, p2).

BaxkHO TpPOKOMMEHTHpPOBaTh BXOAHbIE KaHajbl, Beaymue K (10) u (11) Ha
TPUIJIETHOM U CHHTJICTHOW MOBEPXHOCTAX, cooTBeTcTBEeHHO. O6a nytu (10) — (13) u
(11) — (12) + H — (13) + H B koHeuHom wutore Bemyt uepe3 (13) k 9,10-
muruapoanTpaneny (CisHiz, 14) u autpaneny (CigHio, p2). Xotst o6pazoBanue (10) Ha
MOBEPXHOCTH TpuILIeTa uMeeT BxoiHou 1 (10) — (11) + H 6apbeprl 71 u 102 x1x/Mo0b,
COOTBETCTBEHHO, U, CJIE0BATEIbHO, OKA3bIBACTCSI HEOJATONMPHUSTHBIM 110 CPABHEHUIO C
0e30apbepHbIM myTeM K (11) Ha CUHTJIETHOM TOBEPXHOCTH, a 3oMepu3anus ot (12) no
(13) HeapdextuBHa ¢ 6aprepoMm 156 xllx/mMons. CnenoBatenbHO, MyTh HA TPUILIETHOM
noBepxHocTH (10) — (13) nobexnaer nocnenaoBaTebHOCTh peakiuit (11) — (12) + H
— (13) + H Ha CHUHIJIETHON MOBEPXHOCTH. DTO CBSI3aHO C HEOIArONPUSTHBIM OapbepoM

s mzoMmepuzanui (12) B (13), KoTopblii BIBOE MPEBBIIIAET YHEPTHIO MEPEXOTHOTO



HDOMO-1 HDOMO SOMQO LUMO

Pucynok 3.11 — BBepxy crieBa: CTpyKTypa MepexoTHOTO COCTOSHUSI PEaKIIin
IUKJIOMPUCOCTUHEHUS BYX OCH3WJI paIMKaJIOB K TpuIuieTy 4a,8a,9,10-
tetparusipoanTpatet (CigHi4, 10). JImHbI cOenMHEHNH yKa3aHbl B IIM,  YIJIBI - B
rpaaycax. BBepxy crpaBa: cxema nepepacnpeesieHus 3JIEKTPOHOB B PEAKIIUH IBYX
OeH3uI-paiuKanoB. BHU3y: rpaHUYHbIE OpOUTAIH, BKITIOYAS HU3IIYIO HE3AHSTYIO
MoteKy sIpHyR0 opouTans (LUMO), omHOKpaTHO 3aHATYIO MOJICKYJISIPHYIO OpOHTaIIh
(SOMO), BhICHIYIO ABAXKBI 3aHITYIO MOJIEKYJIsApHYI0 opouTans (HDOMO) u
HDOMO-1, yuactByrommii B oOpa3zoBannu 4a,8a,9,10-terparuapoantparnena (Ci4H14,
10) oT 1ByX OCH3MII pagraiOB ITOCPEACTBOM MUKIOMPUCOSTMHEHUS IBYX AyOJETHBIX

paavKaioB

coctosiHus, TipuBojsiiero k (10) Ha nmoBepxHoctu Tpuruiera. Camblii BBICOKHI Oapbep
11 oopasoBanwus anTpareHa (Ci4Hip, p2) B 218 xJ[)k/M0ITb CBSI3aH € TOTEPEi aTOMapHOTO
Bojopona (15) ¢ oOpa3oBaHmeM KOHEYHOTO IPOAYKTA aHTpaleHa. JTOT Oapbep
CYIIECTBEHHO Hmke, deM Oapbep 312 kJDk/Moimb 1711 OTCOCIMHEHHUS BOJOpOaA
CBOOOTHBIM aTOMapHbIM BojopoaoM wu3 (3), ¢ oOpa3zoBanuem (4) Haubonee
OmaronpusTHEIM IyTeM K deHanTpeny (CisHio, pl) gepe3 (1) - 2)+H — 3) +2H —
4)+H+H,— (5 +H+H;— pl +2H + H,. CnenoBarenbHo, 00pa3oBaHUE aHTpallcHa

(CiqHio, p2) moker koHKypupoBaTh ¢ cuHTe30oM (enantpena (CisHio, pl). Ha
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PEaKIIMOHHYIO CIOCOOHOCTh TaKXe BIMAET KOHYC AaKIeNuu OeH3uI-pajnKania,
NPUBOMSANIMA K HAadaJbHBIM CTOJKHOBUTEIBHBIM KomiuiekcaM (1; ¢ oOpa3oBaHueM
¢denantpena) mo cpaBHenuio ¢ (10; ¢ oOpa3oBaHMeM aHTpalleHa) Ha CHHIJICTHOW H
TPUILIETHOM TOBEPXHOCTAX, COOTBETCTBEHHO. B To Bpems kak oOpazoBanue (10)
r€OMETPUYECKH OTpPaHUYEHO M3-3a XapakTepa LUKJIOMPUCOCANHEHUS TEPEXOTHOTO
coctossHusl (pucyHOoK 3.11) M TPOAMKTOBAHO HHU3KUMH YAAPHBIMU IapameTpamu,
npeanoutuTenbHbll cunTe3 genantpeHa (CisHi, pl) mo cpaBHeHHMIO ¢ aHTpalleHOM
(C14H10, p2) ¢ k03 Ppunmentamu BerBiaeHus 63 £ 13% u 37 £ 7%, COOTBETCTBEHHO,

MpeanosaraiT, uto (1) goctynHo yepe3 Oosiee MMPOKUl Arana3oH napaMmeTpoB yaapa.

MexaHnu3mbl 00pa3oBaHUs Kak (peHaHTpeHa, TaK U aHTpaleHa, HauyuHas ¢ C7H7 +

C7H7, odueHb CIIOKHBI, TOCKOJIBKY BKJIFOUYAIOT PsiJl TOCIEA0BATEIbHBIX PEaKITHA:

C7H7 + C7H7 — C14H13 (13) + H, (13) — C14H12 (14) + H, (14) + H — C14H11 (15)
+ H2, (15) — Ci4H10 (p2) + H nna aaTpanena

u C7H7 + C7H7 — CigHig (1) / CisHs (2) + H, [CraHig (1) + H — CiaH3 (2) + Hy,
Ci4H3 (2) — CigHiz (3) + H, CiyH1z (3) + H — CisH11 (4) + Hy, (4) — CiaHyo (p1) + H

U1t peHaHTpeHa.

CucreMa peakiiuu i1 peHaHTPEHa sIBIIsieTCs Oosiee ciaoxHou [168,170], uem cxema,
npenacraBieHHas 31ech. CrenoBaTelIbHO, OTHOCHUTENBHBIE BBIXOJbI ()EHAHTpPEeHA U
aHTpaleHa KOHTPOJIMPYIOTCS MHOXKECTBOM (PaKTOPOB, BKJIHOYAs KOHCTAHTHI CKOPOCTHU
BCEX OJIEMEHTApHBIX pPEaKIMi, MPOTEKAIOMIMX TMPU OIMPEACICHHBIX YCIOBUSAX U
KOHIIGHTpAllMAX AaTOMapHOr0 MW MOJEKYJSIPHOTO BOJOPOJA, KOTOPBIA MOXET
TEHEPUPOBATHCS UJTM MOTPEOATHCA KOHKYPUPYIOIIMMU PEAKIUSIMU, TPOTEKAIOTUMU B
cucreme. J[leranpHbie pacyerbl KOA(D(PUIIMEHTOB BETBICHUS KAaHAJIOB MPOAYKTOB,
BeAymuX K (EHAHTpeHY WM aHTpaleHy, OyayT crnenu(uuHbIM [JIs1 KOHKPETHBIX
YCIIOBUM TUTAMEHU U BBIXOAST 32 PAMKHU HACTOSMIEro uccienaoBaHusd. CyllecTBYIOIINE
mogen [168,170] mMoryT OBITh pacHIMpeHbl KOHCTAHTAMH CKOPOCTH PEAKIMi IyTeil
o0pa3oBaHMs aHTpalleHA, MHUIIUUPYEMbBIX Ha TPUIUIETHOW MOBEPXHOCTH. BO BXOIHOM

KaHaje MyTH K (PEHaAHTpPEeHy PEKOMOMHAIUS JIBYX paJIMKajJOB OEH3MWJIa MPOTEKaeT IO

mexanusmy CH; + C/H; —» CyHs (2) + H, mockombky, ecmu oOpa3syercs
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CTaOMJIN3UPOBAHHBINA CTOJNKHOBeHUsIMA KomIuieke CisHi4 (1), ManoBeposTHO, 9TO OH
pasnoxkuTcs MOHOMONIEKYJIIpHO 10 Ci4H3 (2) + H, Tak kak myTh gucconuanuu oOpaTHO
k C7H; + C;H7 6onee 6naronpusiteH, a KOHCTaHTa CKOPOCTU IIPSIMOTO Pa3JIOKEHUS OUEHb
Mmaja. Takum o6pa3om, cpaBHHBAEM KOHCTAHTY CKOPOCTH TpuIuieTHoU peakuuu C7H7 +
C7H7 —> C14H13 (13) + H ¢ TakoBBIM JJIA C7H7 + C7H7 —> C14H13 (2) +H [170] HpI/I 1500
K xoHCTaHTa CKOPOCTH JJIsl CHHTJIETHOT'O KaHaja BbIIIe, YeM JJIs TPUIUIETHOTO KaHama.
Cpenu nocienyronmx craaui peakiuu notepu atoma Bopopona u3 CigHiz u CigHipgp
O4YeHb OBICTPBI MPU COOTBETCTBYIOMIMX TeMmIieparypax. OaHaKo, KOHCTAHThl CKOPOCTU
OTCOEMHEHHUS BOJOPOAa CBOOOTHBIM aTOMAPHBIM BOJAOPOJOM 3HAYUTEIHLHO BBIIIE IS
MyTU K aHTpaleny; Hanpumep, npu 1500 K koncranTa ckopoctu nms (14) + H (15) + Hy
oonee yem B 30 pa3 BbImie, yem mis (3) + H — (4) + H,. Takum oOpasom, peakiuu,
crenayrone 3a obpasoBanueMm (13) B KaHaje aHTpalleHa, 3aMETHO OBICTpee, 4eM
peaknuu, cieayromue 3a oopa3oBanueM (2) B KaHalax (peHaHTpeHa, YTO MPUBOJIUT K
YBEJIMYEHUIO OTHOCHUTENBHOIO BBIXOJa aHTpaiieHa. OJTHAaKO HEBO3MOXKHO IMPECKa3aTh
OTHOIIICHUE Pa3BETBJICHUS ()eHAHTPEHA K aHTpaIreHy 0e3 MoApOOHOr0 MOACIMPOBAHUS,
MpUHUMAsi BO BHUMAaHUE pacripeiesiecHue TeMIIEpaTyphbl U IaBJICHUS B PEAKTOPE, a TAKKE
KOHIIEHTpALlMK aTOMapHOro BOJOPO/A U albTEPHATUBHBIX OTBOMSAIIMX BEIIECTB, TAKUX

KaK aTOMbI OpoMa, KOTOpbIE BIUSAIOT Ha CKOPOCTh OMMOJIEKYJISIPHBIX PEaKIUH.

3.3 BriBoasbl K riase 3

B nanno# rnaBe ObUTH paCKPBITHI MEXAaHU3MBI U TTOTyY€Hbl KHHETUYECKHUE JaHHBIC
st peakiuii C;H; + CsHs, C/H7 + C;H7 ¢ uconbs3oBanneM pa3BUTHIX METOIOB TEOPUHU
MEPEXOTHOTO COCTOSTHUS JIJISl OLEHKH KPUTHUYECKHX KOHCTAHT CKOPOCTU 0e30apbepHbIX
BXOJIHBIX U BBIXOJHBIX KAHAJIOB PEAKIMU MPU MOBBIICHHBIX Temmepatypax (1473 + 10
K), 4To coOTBETCTBYET CHCTEMaM C BBICOKOW TeMIepaTypoill TOpeHHUsI U OoraThiM
YTIEPOJIOM OKOJIO3BE3THBIM 000JI0UYKaM, TAKUM Kak, Harpumep, 3Be31bl IRC + 10216.
Pacuersl moaTBepxkaatoT Mexanu3m peakunu C;H; + CsHs, mpeanioxkenHbii B Oosee

panHel pabore Manyru u Muécu [165], HO npeanarar0T yrouHeHHbIC KOJTUYESCTBCHHBIC
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JTaHHBIE. AHAIU3 TOJMYYEeHHBIX MAaCcCHBOB JMaHHBIX g peakuun C;H; + CiHs
KHHETUYECKUX KOHCTAHT IMOKA3aJll TPH Pa3IMIHBIX TEMIIEPATYPHBIX PEKUMa, TPAHUIIBI
KOTOpPBIX 3aBUCAT OT jaBiieHusa. [lpu Oojee HUBKUX TeMmIepaTypax B peakiuu
npeodIaaeT CTONKHOBUTEIbHAS CTaOMJIM3AIMS JBYX HAYaJIbHBIX MPOMEKYTOUHBIX
coeuHeHui, 3-0yTuanioen3ona W1 u 2,3-0yraguenunoen3ona W2, riae oopazoBanre Wl
ABJISIETCS  TPENMOYTUTEIbHBIM  HM3-32  0o0Jieeé  BBICOKOM  KOHCTaHThI ~ CKOPOCTH
COOTBETCTBYIOLLIETO  BXOJHOro KaHama (pucyHok 3.8). B  mpomexyrouHom
TemriepaTypHoM uHTepBasie W1 1 W2 s exTuBHO paznararorcs 00paTHO /10 PEareHToB,
YTO TPUBOAUT K PE3KOMY TNAJEHUIO 3aBUCHMOM OT JABJICHUS TOJHOM KOHCTaHTHI
CKOpOCTH peakiuu. B BblcokoTeMrepaTypHoM pexume W1 u W2 mepecTaroT ObITh
CTaOUJIbHBIMU, M PEaKIMs MPOTEKaeT B MPSIMOM HamlpaBlieHMH, 0e3 cTaduin3aluu
unrepmennatoB CigHip U ¢ oOpa3oBaHreM OMMOJIEKYIISIPHBIX MPOAYKTOB. K TakoBBIM
OTHOCSITCSL “OBbICTpBIE” MPOAYKTHI, OOpa3yroIIMecs MPU HEMOCPEICTBEHHOM pa3phiBe
cesi3u C-H B W1/W2 ¢ oOpazoBanunem nzomepoB CioHg p1-p3, cocrosimx n3 0€H30IbHOTO
KOJIbI]a C OOKOBOM 11€T1bI0, BMECTE C aTOMOM BOAOpOJIa, Wi TIpH pa3peiBe cBsizu C-C c
obpaszoBanuem (penmi-pagaukaia CeHs (p4) + i-C4Hs. Bostee npomomkuTenbHbie MyTH
BEJIYT K MIPE/IIIECTBEHHUKAaM HaTanuHa, paaukanaMm MetuieHuHaanmwia P9 u pl0 + H, u
BKJIFOYAIOT 3aMblkaHre 00KoBoH 1enu C4 Ha MSITUYIEHHOE KOJIBIIO TIEpe] MOTepeit atoma
H. HauGonee BeposiTHBIE OMMOJICKY/ISIpHBIC TIPOTYKThI BKIIIO4YatoT P3 + H u p4 + 1-C4Hs,
3a koTopbiMu cieayroT P9 + H, p2 + H, p1 + H u p10 + H. [Tocnenyronme nuzomepusanus
u pasnoxeHue P9 um pl0 BeayTt k oOpa3zoBaHuto OeH3o(dylbBeHAa W HadTaIuHA, T
MIEPBBII TAK)KE MOXKET MEPErPpyNIUPOBBIBATHCS BO BTOPOIl MOCPEICTBOM M30MEPHU3ALIUU
C TOMOIIBIO MPUCOCTUHEHUS] aTOMa BOopoja. BakHO OTMETHTh, YTO B YCJIOBHSIX
obomouek 3Be3n ABI, rae naBnenme raza HamHoro Menbmie 1 Topp, mporece
CTaOMIM3allii HAaYaJIbHBIX KOMIUIEKCOB W1 M W2 CHUIIBHO 3aMeJJIeH, YTO CIIOCOOCTBYET
pocTy Bbixoja AByHukimyeckux [IAY B mpoaykrax peakiuu.

[To cpaBHEHMIO ¢ TIpEABIAYIIMMU pe3ysibTaTaMu Manyru u Muécu, HacTosume
pacueThl MOKa3bIBAIOT 00JI€e CII0KHYIO TEMIIEPATYPHYIO 3aBUCUMOCTh OOIIIeH KOHCTAHTHI
CKOPOCTH B TIpelielie BBICOKOTO JAaBJICHHUS, a TaKXke 0oJjiee BBICOKHE OTHOCHTEIbHBIC

BBIXOJIBI P3 1 P4 1o cpaBHEHUIO ¢ P9. B CBs3M ¢ 9 THM KMHETHYECKas cXeMa 00 pa30BaHMUsI
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HaTasiMHAa B peakinuud OCH3WJI + Tpomaprui ObUla OOHOBIIEHA 3a CYET BKJIFOUYCHUS
kananoB C;H7 + C3H; — p3 + H/p4 + i-C4Hs 1 BToprunbIx Kanano p3 + H/p4 + i-C4Hs,
KOTOpbie MOTyT Tpom3BoauTh P9 + H. [lomydeHHBIC KOJMYECTBEHHBIC 3aBHCHMOCTH
KOHCTAHT CKOPOCTH TMpPEUIararoTcsl JUIi YTOYHEHHBIX KUHETHYECKUX MOJIEINeH
oOpa3oBanns HadTamuHa U pocta [IAY B okono3Be3mHBIX 000m0uKax 3Be3a ABIT u B
IJIaMEHAX FOPEHUS.

Panukan-paaukan pekoMOMHAIMS JBYX OCH3WUJI-paJUKaIOB C LIEHTpaMH B
metuieHoBoi (CH,) wactu cnauana npuBoaut k 1,2-mudenmmrany (CsHsCH,CH,CgHs,
1) ¢ mocnexyroomuMu TMOTEPSIMU BOAOPOAA M 3aMBIKAaHHMEM KOJIbLIa 10 (peHaHTpeHa
(Ci4H1o, pl). ObpazoBanue antpamena (CigHio, p2) Ha TPHUILICTHOH MOBEPXHOCTH
BO30YsKIeHHOro cocTosHus (a®A) HaumHaercs dvepes [3+3] LUKIONPHCOETMHEHHE,
dbopmMupysi TEpPEeXOIHOE COCTOSHHME C LHUKIMYECKUM pAaCHOJOKEHHEM aTOMOB B
HIECTUYJIEHHOM KOJIbLIE BMECTE C OOIIMPHOM peopraHu3alueil G- U TM-CBSA3EH MyTeM
HeaanabaTUUeCKOM  JIMHAMUKH  BO30YXKICHHOIO  COCTOSHUS, WHHIIMMPOBAHHOMN
OJTHOKPATHBIM CTOJIKHOBEHHEM JBYX paJuKaloB. OTa JUHAMHUKa BO30Y>KIEHHOIO
COCTOSIHMSI, TPUBO/ISIILIASA B KOHEUHOM uTore K antpaueny (CigHio, p2), mokassiBaert, 4To
obpazoBanue [IAY mocpencTBoM paaukai-pagukai peakuuid MOXKET MPOUCXOAUTHh HE
TOJBKO HWCKIIIOYUTEIbHO Ha DSJIEKTPOHHBIX MOBEPXHOCTAX OCHOBHOTO COCTOSIHUS
(CHHTTICTHBIX) Yepe3 PeKOMOWHAIINY TyOJIETHBIX PEareHTOB B UX PaIMKAILHBIX IIEHTPAX.
Taxum o6pazom, oOpazoBanue antpareHa (CisHio, p2) uepe3 nuHaMUKy BO30YKIEHHOT O
COCTOSTHUSI HA TTIOBEPXHOCTH TPUILIETA ITOCPEICTBOM HUKIOMPUCOCTUHEHHS C Y9aCTHEM
IBYX JyOJICTHBIX paJWKajJOB TMPHBOJUT K HOBOMY IIOHMMAaHHUIO CHHTE3a
MHOTOKOJIBIIEBBIX CTPYKTYp B Ta30BOH (a3e, pacmupsisi MO3HAHUS MPOUCXOXKICHUS U

ABOJIFOLIUM YTJIEPOAUCTOrO BEUIECTBA BO BeeeHHOM.
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I'naBa 4. PocT NoJTHMIUKINYECKHX APOMATHYECKHUX YIJIEBOIOPOA0B B PeaKkMsX

CsHs + CHz m CsHs + CoH>

[Momumukimyeckue apomatudeckue yrieBoaopoasl (ITAY) sBusioTcs omHuM u3
HauOoJee pacnpoCTpPaHEHHBIX 3arpsi3HUTENCH U CIyXKaT MpeKypcopamMu oO0pa3oBaHUs
caxxu [176-180], koTopasi oka3plBaeT OTPOMHOE BIUSHHE HA OKPYXKAIOIIYIO Cpeny H
3I0pOBbE YesioBeKa. YeoBEeK MOXKET BJABIXaTh WM YIOTPEOIATh ¢ MHUIIEH MOMaBIIMe B
BO3/IyX WJIM TIOYBY YacCTHUIbl CaXXH, YTO MPUBOJUT K OOpa30BaHUIO OIyXOJeH,
BPOXKJICHHBIX JIe(DEKTOB, pa3IMUHBIM JIETOUHBIM 3a00JIEBAHUSM U IPYTUM ITPoOJIeMaM Co
3nopoBbeM. OOpa3oBaHKE Ca)XXd HauMHAETCs C oOpa3oBanus mpoctenmmux [TAY, ux
JallbHEHIIEro pocra, 0Opa3oBaHUs 3apoibINIel Cakd W MX Koarymsauuu [6]. M3-3a
BAXHOCTH UCCIICJIOBAaHUS MEXaHU3MOB oOpa3oBaHusi u pocta [IAY oHu 3aHsum
IIEHTPaJIbHOE MECTO B COBPEMEHHOM MCCIIeI0BATENIbCKOM AesaTenbHOoCTH. /s ITAY Opun
IPE/ITIOKEHBI PA3JIMUHBIC MEXaHU3MbI MOJICKYJISIPHOTO pocta, Bkmouyas HACA [6,154]
(aOcTpakuus Bogopoaa- npucoenuuenue aneruiena [179]), HAVA [6,181] (abctpakius
BOJIOpoOJIa-TipucoeinHeHre Buamnaneruiera), PAC [12,182] (pennn npucoenuuenue /
JTETUAPOIMKIN3AIMS) U JAp. DTH MEXaHU3Mbl OOBIYHO BKIIIOYAIOT IOBTOPSIOIIMECS
MOCJIEI0BATEIbHOCTH U3 ABYX OCHOBHBIX CTAJIMIA: OTILIETIJIEHUE aToMa H, akTuBUpYyrolIee
apOMaTUYECKYI0 MOJIEKYJY, 32 KOTOPBIM CJENyeT MPUCOCAUHEHUE YIJIEBOJOpOAa C
3aKpBITON 000JIOYKONM K apoOMaTHYECKOMY pajuKaily, 4TO MPUBOJUT K OOpa30BaHUIO
(OIHOT0)  JOMOJHUTEIBLHOIO  KOJbIla  (KOJIEI) TIOCPEACTBOM  LMKIW3AIUU U
apoMatuzanuu. OJHaKO BO3MOXEH aJbTEPHATHMBHBIA CIIEHApUl pocTa 3a CYET
pPEeKOMOMHAIIUM JIBYX PpaJHUKalIOB, OCOOEHHO €CIM TaKHe paJiuKajbl SBISIOTCS
JOATOKUBYIIMMHU 3 CUET X pe30HaHCHOM cTtabunuzaiuu. [Tomumo mponapruia CsHsz u
ammmna CsHs, mpeamonaraercs, uto B pocte [IAY cyliecTBeHHYIO poiib HTpaeT
MATUWICHHBIA pagukan 1ukioneHTaguennna CsHs u ero Oonee KpymHBIE aHAIOTH
[180,183].

Kak nokxazano Ha pucyHke 4.1, HEKOTOpbI€ U3 Pa3IMUHBIX ITyTEH, CYIIECTBYIOITUX
s 00pa30BaHUSI PE30HAHCHO CTAOMIM3HPOBAHHOTO NWKIIOMCHTAIUEHWT pajuKajia B

30HaX IropC€Husd, CBsA3aHbl C OKHUCIICHUCM IICPBOI0 apOMATHUYCCKOI'o KOJbLa — OeH301a
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(CeHg). Taatbec u np. [184] uccnemoBanu k03pUIMEHTH pa3BEeTBICHUS MPOIYKTOB
peakuuu Mexay OenzonoM u O(C’P) B muamaszome Temmeparyp 300-1000 K mpu
naBnenusix 1-10 Topp ¢ wucCmoIb30BaHMEM HMMITYJILCHOTO JiazepHOro ¢oroimsza B
peaKkTope ¢ MEJICHHBIM TOTOKOM W MYJIbTHUIUICKCHOW XUMHUYECKONM KHHETUKHU C
MCITOJIb30BaHNEM (DOTOMOHU3AMOHHOT0 Macc-cieKTpoMeTpa. OHU UACHTU(UITUPOBATH

CIICAYIOMIMUC KaHaJIbl IIPOAYKTA,

CgHe+ O — CsHs + H + CO (1a)
CsHsOH (16)
CsHe + CO (1B)
CsHsO + H (1r)

oOpa3yrolue paauka nukionentaauenuna (1a) c koagpuineHToM pa3BeTBICHUS
menee 3% Juist Beex ucnbITanHbIX yenoBui (700-900 K, 4 u 10 Topp), denon (CsHsOH)
(16), xoTOpbBIfi OOBIYHO SBJSIETCS MPEOOJAJAOIIUM COCAMHCHHEM CO CTCIEHBIO
pasBetBiieHHOCTH 33-58%, nukmonentagueHa (CsHs) (1B) u  (eHOKcH-paguKaia
(CsHs0) (1r), creneHu pa3BETBICHHOCTH KOTOPBIX OJIM3KH M BAPBUPYIOT B Ipezeaax 21—

33 % u 18-33 % coorBercTBeHHO. Peakiinu Oenzona ¢ paaukanamu OH u CH3z u atomom

BOOOpPOaa
CgHg + OH — CgHs + H,0 (2a)
CsHe + CH3 — CgHs + CH, (26)
CsHe + H — CgHs + Hs (28)

NpUBOAAT K oOpa3oBanuto (enmi-paaukana (CgHs) [185,186], koropsiii Moxer
pearupoBath € aTroMapHbIM KuciaopogoMm, O, u/unu uukionentagueHom (CsHg) c

obOpazoBanuem paaukaia CsHs:

CeHs + O — CsHs + CO (33.)
CeHs + CsHg — CsHs + CsHe (36)
CsHs + O, — CsHs + O + CO/c-CsHs + CO», (3B)

Oo6pa3oBapumiics B peakiuu (10) dheHOT MOXKET TaKKe pas3iaraTbCs Ha (CHOKCH-
pamuMKaa ¥ IMKJIONCHTAIWCH WM pearupoBaTh C AaTOMapHBIM BOJOPOIOM C
oOpazoBanuem  OeH3oma.  llukjOneHTaAWMEH  TakkKe  MOXeT  00pa3oBHIBATH

IMUKJIOIICHTAAUCHUII ITIOCPCACTBOM TCPMHUYCCKOI'O PA3JIOKCHUA WM PCAKIHHU C aTOMOM
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Bojopona. MseectHo [187], uro pacmaxm  (eHOKCH-pajMKala  MPOM3BOIUT
mukiaonentaguenni u CO.

Kak BuUgHO M3 CXeMBbI peakinu, MPeICTaBIeHHON Ha pucyHke 4.1, HECKOIbKO
nyTeit u3 6enzona CgHg mpuBoasT k 06pazoBanuio CsHs. bbuto mpenokeHo HeCKOIbKO
BapuanToB [189,190,86] ns nmpeBpalieHus pe30HaHCHO-CTaOMIN3UPOBAHHOIO pauKaa
[UKJIONIEHTaAuEHIa B apomaTuueckue coequnenus. [Ipu mumepuzanvu CsHs moxer
oopazoBbiBaThes HadrammH (CioHg) [189]. Ha pucynke 4.1 mokasaHbl J1Ba IyTH
oOpa3oBaHus O€H30JIa U3 paJuKaia [MUKIONEHTAIUCHUNIA: TIEPBBIA — Yepe3 PEaKInio ¢
metwiiom (7a), BTopoit — uepe3 m3omepm3anmto ¢ynbBeHa (CsHsCHz) B Oenzon ¢
ydacTreM Bojgopona (8).

Peakius 1WKIONEHTaAUEHWI W METUJ paJuKalioB ObLJJa paccCMOTpeHa B
HeckonbKux padorax [189,190,86]. Mockanésa u ap. [190] uccrnenoBanu nmoBepxHOCTh
noreHianbHor sHeprun (IM13) peakiuu (7) ¢ momoipio ab initio G2M(rcc,MP2) u
B3LYP/6-311G(d,p) meronoB. OHU OOHAPYKHITK HECKOJBKO MyTEH PeaKkiuu, BEIyIIHX
K oOpaszoBanuto ¢ynbBeHa. [llapma u np. [86] paccuuTanu KOHCTaHTBI CKOPOCTU C
MIPEIETIOM BBICOKOTO JaBiieHus, ucnoib3ys teoputo PPKM-OKY u tepmoxumuueckue
napameTphl, TOTyYSHHBIC TP UCTIOIB30BAHUN KBAHTOBO-XUMHYECKHX PACUCTOB YPOBHS
CBS-QB3 ams cucremsr ¢-CsHs + CH3. OHu naeHTHQUIIMPOBaIM KaHAJBI MPOAYKTa KakK
CsH4CH; + Hy u R + H, rne Rj — paznuunsie nzomepsl pagukaina CsH;. Panee Menuyc
u 1p. [189] taxke oOHapy KWK MYTH PeaKIUid, TPUBOASIIME K 00pa3oBaHuio (yJibBEeHA
u pa3nuuHbIX n3oMepoB CgH7, ¢ ucnoms3oBanneM metonoB BAC-MP4 u BAC-MP2.
XoTs u3BecTHo, yTo peakius CsHs + CH; moTeHmanbHO MOXKET IpUBECTH K OEH30Iy U
(bynbBeHy, Tlie MOCIECAHUNA MOXET u3oMepu3oBatbes B OeHzon [191,192], Bropuunbie
peakiuu pacnanga pagaukaioB CgH7, mpeobiasaomumx NepBUYHBIX MPOTYKTOB PEAKIIUN
elle HEJOCTATOYHO H3Y4YEHBI C UCIMOJIh30BAHHEM COBPEMEHHBIX METOJOB KBAHTOBOM

XUMHUHU U TGOpGTH‘Iﬁ)CKOﬁ KHMHCTHUKHMH.
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Pucynok 4.1 — PeakiinoHHbIe MyTH 00pa30BaHUS TISATU- U MIECTUYICHHBIX KOITBIIEBBIX

YTIEBOJIOPOIHBIX CTPYKTYp. CHHHE U KpacHbBIE CTPENIKH 0003HavaroT nporeccel Cg —
Cs u Cs — Ce, COOTBETCTBEHHO, TOT'/1a KAK YEPHBIE CTPEJIKU MIOKA3bIBAIOT MPOLIECCHI,

KOTOPBIC HC BEAYT K UIBMCHCHHIO YN CJIa ATOMOB YTJICPO/Jia B KOJIbIAX
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B dactHocTM Takke, qOJTOe BpEMS CUMTANIOCh, YTO PEKOMOWHAIUSA JBYX
paguKagoB IMKJIOMEHTAIUEHUIA SBISICTCS WCTOYHMKOM HaTalnHa B YCIOBHSIX
BBICOKHX TEMIIEPATYP, CXOXKHUX C TOpeHueM, B pe3ysbrare peakiiuu CsHs + CsHs — CioHg
+ H,/2H. Menuyc u ero xomuterd [189] Oblau mepBbIMU, KTO TECOPETHUECKH UCCICIOBAI
noBepXHOCTh NoTeHnnanbHou 3uepruu (I1119) nns peakimu CsHs + CsHs, u onu npunium
K BBIBOJY, UTO Ha(dTaauH MOXKET 00pa30BBIBATHCS B PE3yJbTaTe MOCIEAOBATEIHLHOTO
npolecca, BKIroYaromero norepto aroma H u3 ucxognoro xommiekca CsHs-CsHs ¢
obpasoBanuem panukan 9-H-bynapBanena (CsHs-CsHy) ¢ mocienyroieit n3omepusanueit
ATOr0 pajuKaia Mo CHUPAHOBOMY MEXaHM3MY U 3aBEPIICHHOW MOTEpel elle OJIHOTO
atoma H ¢ obpazoBanuem HadramuHa. O MoaApoOHOM U3YUYEHUHU ITYTEH W30MEpU3aIU U
aucconnanun  9-H-dynpBanennna coodmmmn Kucimor u Mebenp [193], kotopbie
MCCIIEIOBAIM HE TOJIBKO MYTh CIIUPAHOBOM M30MEpU3AlMU, HO M KaHaJbl pacmaja Ha
(dylbBajeH U a3yJieH, a TAaKXKe IMyTh MUTPALMA METUJICHA, (POPMUPYIOIIETO a3yJI€HOBOE
anpo B CioHg B peakiiuu k Hadranuuy. KucmoB u Mebenb Takke paccuuTaiu KOHCTaHThI
CKOpPOCTH 3JIEMEHTAPHBIX CTaJIUM pPeaKkMy B MpPeJeie BHICOKOTO JABJICHUS U MPUIILIA K
BBIBOJy, 4YTO Ha(dTamuH JOHKEH OBbITh OCHOBHBIM TMIPOJYKTOM pasziioxkeHus 9-H-
¢dynbBanenmna npu Hu3kux temrepatypax (T < 1000 K), torna kak mpu 60s1ee BICOKUX
TeMIiepaTypax MpeodialalonIuM MPOAYKTOM sIBJsieTcs (yJibBajlieH, B TO BpeMs Kak
HaTaJMH W a3yJeH SBISIIOTCS BTOpOCTENEeHHbIMU Tpoayktamu. [lozxe Mebenb u
Kucnor [194] uzyunnu [TI13 CyoH1o, cBsa3annyto ¢ peakiueit CsHs + CsHs, u mokasanm,
yto otmeruienne Hy ot CigHip HE sBIsSETCS KOHKYPEHTHOCIOCOOHBIM, W HCXOIHBIM
komrieke CsHs-CsHs, ckopee Bcero, pacmamaercs Ha 9-H-pynbBanmenun + H.
Briocnencreun Kapamtortu u [oiuuao [195] moBTopHO pacemotpenu peaknuio CsHs +
CsHs m oOHapyXuii, 4TO MOTEHIMAIBHBIE MPOIYKTHI BKJIIOYAIOT HE TOJBKO 9-H-
¢dynbBanenu, Ho Takxke 1-H-u 2-H-pynsBanenunsl, a taxxe 1-H-u 2-H-a3ynunel. Onu
HCIIONB30BaJIM MOAXOJ OCHOBHOro ypaBHeHus Paiica-Pamcnerepa-Kaccens-Mapkyca
(PPKM-OKY) BMecTe ¢ Teopueli BapualiioHHOT0 riepexoaHoro cocrosaus (VTST) mus
0e30apbepHbIX KAHAJIOB YTOObI HAMTHM 3aBUCUMOCTH KOHCTAaHT CKOpPOCTEH OT
TEeMITepaTyphl ¥ JaBJICHUS, W MPUILIA K BBIBOAY, 4TO Kak H-ynpBanmenun, tak u H-

a3yJWJIbHBIE KaHaJbl TMPOAYKTA SBISIOTCS KOHKYPEHTOCIIOCOOHBIMHM, TPU 3TOM
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a3yNUIbHBIM KaHall TOMUHUPYET HaJ GynabBaieHIbHbIM yTeM 10 1450 K. Hakoner,
HEJaBHO OBUIO TMPEAOCTaBIEHO Hauboyee MOAPOOHOE TEOPETHYECKOE OMUCAHUE
KoHCTaHT ckopocTH peakiuu CsHs + CsHs 1 mocnenyroniero pa3iokeHus ee mepBUYHbIX
panukaabHbIX MPoayKToB CioHg. I'pun ¢ xomteramu [196] npuiiuiu K BEIBOIY O BaXKHOM
ponu crabmmzanuu coenuaeHnii CioHig mpu cronkHOBEeHNN, OCOOCHHO TIPU HUBKUX H
CpeHUX TeMIIepaTypax, 3a KOTOpOM ClieyeT oTilerienne H npyrumu pagukanamu,
npuBosiee Kk oopasoBanuto coequnennii CioHg m ux nmanpHeimeMy pasiiokKeHUIO0 Ha
Ha(dranuH, (ynbBalieH, a3yJeH.

XOoTst MEXaHU3M U KOHCTaHThI CKOpocTH peakinu CsHs + CsHs B HacTosiee Bpemst
JIOCTaTOYHO XOPOIIO YCTAHOBJIEHBI, MAJIO YTO MU3BECTHO 00 aHAJIOTMYHBIX PEAKITUAX C
ydgactueMm Oojee KpymHbix yactull [IAY, copepxamux m-paaukail B MSITAYICHHOM
Kojblle. Hampumep, aHamOrWYHBIA MEXaHU3M, BKIIOYAIOIMIUNA TMEPErpynIupoOBKY
MPOJyKTa PEKOMOMHAIIMM WHJCHWJA C UUKJIONEHTAJUEHUIOM, ObUI MPEIIoKEH
MapuHOBBIM U KOJJIETaMHU i OOBSICHEHHs] 00pa3oBaHUsl (PEHAHTpEHa B IUITAMEHHU N-
Oyrana u otwieHa [183]. Opmako, IIIID jana peaknuu  wHaeHun CoH; +
IUKJIONIEHTAUEHIT HUKOTJa He u3ydascs teopernuecku. M3zydyenue peakmumit CoHy +
CsHs u, B koneunom cuete, CoH7 + CoH; momorkeT nmoHsTh, Kak Ha MEXaHWU3M U KHHETUKY
pEeKOMOMHAIIUMA ABYX IISTUYICHHBIX KOJBIIEBBIX PAJMKAJIOB BIHUSICT ITPUCYTCTBUE
JOTIOJIHUTEIIbHBIX IIECTUYJICHHBIX ITUKIJIOB, U, CJEAOBATEIbHO, PACIIMPUTD PE3YyJIbTAThI
st peakiu CsHs + CsHs k kuHeTnueckum mojiessiM pocta 0osee kpyrnHbix [TAY.

B nuccepranmonHoit paboTe MPOBEACHO TEOPETHYECKOE HCCIIEI0BaHUE,
HaIpaBJICHHOM Ha YTOYHEHME SHEPruil U MOJICKYJIApHBIX mapaMmeTpoB dactull CgH; Ha
COBPEMEHHOM YPOBHE TEOPHH, COCTABJIICHUH ITyTel 0O0pa3oBaHus OeH301a U GyJbBEHA U
pacuere KOHCTaHT cKopocTH pasnoxkenus CeH; B untepsane temneparyp 300-2500 K u
napieHusx 0,03-100 atM. 3aTeM BBIMUCICHHBIE KOHCTaHThI CKOpOCTH peakiuu CsHs +
CH3; — C¢H; + H u peakiun quccornmanmu CgH; 00bequHSAIOTCS 71 TPOrHO3UPOBAHUS
OTHOCHUTEJIBHBIX BBIXOJOB O€H30/1a M (QYJIbBEH IMPH Pa3IUMYHBIX YCIOBHSIX TOpeHHUs. B
MOCJIEIYIOIIEM paccMaTpuBaercs Oosiee CIO0KHasg CHCTeMa PEKOMOWHAIMU JIBYX
MATAYJICHHBIX KOJICIl Ha TPHMEpPe HWHIACHWI ~+ IMKJIONCHTaAWCHWI. B dacTtHOCTH,

yanThiBatoTcs motepu H m3 mcxomgnoro komruiekca CoH7-CsHs, a 3aTtem mccmenyrores
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MyTH W30MEPU3ALMMN U Pa3nokeHus pagukaioB CisHi; ¥ BBIUHCISIOTCS KOHCTaHTHI
CKOPOCTH 3THX ITYTEW B 3aBUCUMOCTH OT TEMIEPATYPhI U JABJICHUS, UCIIOIb3YsI ITOAXO0/

PPKM-OKY.

4.1 TloBepXHOCTH MOTEHUHAJBHOI IJHEPTrUM U KOHCTAHTHI CKOPOCTH PeaKINu

CsHs + CHs

Ha pucysnke 4.2 nmoka3as npoduiib MOBEpXHOCTH NMOTeHIIMaNbHOM sHepruu ([1119)
UL PEaKIMU MEXAY I[UKIONECHTAAUCHUIOM M METUJIOM, a TaKXe MPUBEIICHbI
OTHOCUTEJIbHBIE YHEPTUU JTOKATbHBIX MUHUMYMOB U IEPEXOIHBIX COCTOSTHUM TOJILKO IS
HanOoJiee BaXXHBIX KaHAJIOB. Bce OTHOCHTENbHBIC DHEPrUU JaHBI MO OTHOIICHUIO K
ucxoaubiM pearentaM CsHs + CHs. TlepBast craaust npeacrasisier coooit 0e30apbepHyro
PEKOMOMHAITMIO ITUKJIONCHTAAUECHUILHOIO W METHII-paJuKajioB ¢ oOpa3oBaHHUEM 5-
metui-1,3-tuknonenranuena  (CsHsCH3-5), omnoro w3 Tpex  uM30MepoB
METUJIIUKIIONEHTaAueHa, 3Heprusi koroporo Ha 70,4 Kkaji/MOJb MEHbBIIE, YeM Y
peareHToB. [lepexoasl K ABYM ApYyrUuM M30MEPAM BO3MOKHBI 3a cHET MUTpaliuu atoma H.
Bcenen 3a Illapmotii u 'punom [86] B nccnenoBanuu oOHapy)eHO, 4yTo ciBHr atoMa H u3
UIICO- B OPTO-TIOJIOKEHUE MPUBOAUT K 00pa3oBaHuio |-meTui-1,3-IuKiIoNeHTaueHa
(CsHsCHs-1) ¢ otHOCHTENBHOM 3HEpruei -73,3 KKajl/MOJIb.

Eme onun caur Bogopojia U3 opTo- B METAIOIOKEHUE MPUBOIUT K 00Pa30BAHUIO
eime omHoro msomepa — 2-mermi-1,3-mukionenragueHa (CsHsCHs-2) ¢ mpumepno
paBHOM OTHOCUTEIBLHOM »dHeprued -73,5 kkan/Monb. Ilepexoapl MeXay Tpems
u3oMepaMu TpedyroT peoaoeHus: 0aprepoB 24,5 u 27,4 kxan/mons (ipu TS11) u 27,8
u 28,0 kxan/monb (npu TS12) B npsMoM U 0OpaTHOM HampaBJIEHUSIX, COOTBETCTBEHHO.
Ha ocHoBanum Ttoro ¢akra, 4To TpHM KOMILUIEKCA MMEIOT OYEHb OJM3KHE SHEPrUu
OCHOBHOTI'O COCTOSIHHUSI, KojieOaTebHbIe U BpalaTelibHbie napaMerpsl, [1lapma u I'pun
[86] mpurmutn K BBIBOIY, YTO PacHpOCTPAHCHHOCTh TPEX M30MEPOB, 00pa3yIOMIUXCs B
peakiuu, J0JDKHa ObITh oOJMHaKoBOM. Crenyromier cragueld peakiyu SIBISETCS

oTiIerieHne atoma H. OTH_ICHJ'IGHI/IG BOAOpPOZa OT IIATHUYJICHHOI'O YIJICPOAHOI'0 KOJIbLa
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Pucynok 4.2 — Cxema oBepXHOCTH IMOTCHITMAILHOM 3Hepruu peakiuun CH; + CsHs.
Duepruu (CCSD(T)-F12/cc-pVTZ-f12//B2PLYPD3/aug-cc-pVDZ//B3LYP/6-311G**)

NpCaACTaBJICHLI B KKaJI/MOJIb

160 u3 unco-nonoxeHus B CsHsCH3-5, mu6o u3 rpymnmst CH, B CsHsCH3-1 1 CsHsCH3-
2 npuBOAMT K oOpa3zoBaHuio 1-metmi-2,4-nmknoneHraauena (CsH;CHs). ITporecchr
notepu H SBISIIOTCS SHIOTEPMHYECKUMHM, HO HE HMMEIOT BBIXOJHBIX OaphepoB, a
otHocutenbHas 3Heprus CsH,CH3 cocTaBmser 1,4 Kkaja/Moilb, 9TO YyTh BBIIIE YHEPTUU
HUCXOMHBIX peareHTOoB. PaccunmtanHas 3mech oTHocutenbHass dHeprus CsHi;CHj
MIPUMEPHO Ha 6 KKaJ1/MOJIb HUKE 3HaueHusI, mosrydeHHoro [lapmoii u I'punoM. Y nanenue
aToma Bozopoja u3 MeTuiabHOU Tpynmbl B CsHsCHs-1 nmun CsHsCH3-2 maer CsHsCHo-1
nmn CsHsCHj-2 cTrpoeHuns, COOTBETCTBEHHO, TOKe 0€3 BBIXOJHOTO Oaphepa. ITH
CTPYKTYpbI UMEIOT OTHOCUTENIbHYIO0 3HEpruio 8,7 u 14,0 Kkai/MoJIb COOTBETCTBEHHO, YTO
0JIM3KO K 3Ha4YeHUSAM, yKkazaHHbIM [llapmoit u I'punoM. MockasneBa 1 KOJJIErd, a Takxe

[ITapma u I'pun mokaszanu, uto yaaneaue H uz CH; rpymmser B CsHsCH3-5 ropasmo 6onee
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SHIOTEPMUYHO, YeM MyTH PEAKIIMH, PACCMOTPEHHBIE BhIMIE. [103TOMYy 3TOT KaHaim ObLT
WCKIIIOYEeH W3 JanbHeiiero paccmorperus. M3omepsr CgHz, oOpasyromuecs: mocie
ormieruieHuss H, cmykar Bopotamu st oOpa3zoBanust yJbBeHA MO JIBYM OCHOBHBIM
Mexanuszmam. [Ipsmbim siBisiercs sisHoe otieruienre H u3 rpynmnet CHs B CsH,CH3 nm
u3 opro- u meranonokeHnit B CsHsCHy-1 u CsHsCH-2 cootBercTBenHO. Peakiium
CsH,CH; — GsH4sCH; + H u CsHsCHp-1 — CsH4CH,; + H He umeroT BBIXOAHBIX
O6apbepoB Ha ypoBHe Teopuu B2PLYPD3, nmostomy nist pacyera ux ko3¢ puiimeHToB
CKOpOCTEH HCIOJIb30Baach BapHallMOHHAs Teopusi mepexomHbix cocrosHuit (VTST)
[197]. PacueThl mokasanu HaaMuue MAKCHMYMOB BJIOJIb IIYTH ¢ MUHUMAJIbHOW SHEpPruei
B3aumoxeiicreug kak mist CsH,CH; — CsH4,CH, + H, Ttak u it CsHsCH,-1 — CsH4CH,
+ H cooTrBeTcTBEeHHO, pacnonokeHHbIX Ha 0,8 u 3,2 KKaja/Moib BbIlIe TPOAYKTOB. TeM
HE MEHEE, BCE pacCUMTAHHBIE CTPYKTYPbI BJIOJb JAHHBIX MyTeH paccMaTPUBAIIMCh Kak
kauaunaatel Ha VT ST pacuersl metonom PPKM-OKY. Takxke, peakius CsHsCH,-2 —
CsH,CH; + H umeer Gapwep 45,2 kkan/monb (3,1 kxan/mons nisi mobasnenus H B
oopaTtHoM HarpaBiieHun ). CsHsCH»-1 u CsHsCH»-2 moryT B3auMHO npeBpaiaTthes Ipyr
B Apyra uepe3 TS7, mpu 3ToM BbicoTa Oaprepa juist casura H u3 opTo- B MeTanoiaoxeHme
coctapysier 34,1 kkan/monb (28,8 kkai/mMoiab B oOpaTHOM HampaBieHuM). Hempsimoit
nyTh K PynbBeny npoxoaut yepes uzomep CsHsCH,-5, koTopsiii MoxkeT ObITH 00pa3oBaH
n3 CsHsCH2-1 nmu CsH4CHas. bapeep 38,6 kkan/Mounb 1J11 MUTpaliii BOJIOPOJIa U3 OPTO-
B urico-nojioxkeHue CsHsCH;-1 — CsHsCH,-5 Ha 14,1 xkan/Moms Hioke, ueM 6apbep 52,7
kKas/monb st capura H u3 rpynnel CH3 B unco-nonoxenune, CsH4,CH3s — CsHsCHj-5.
3a satumu ciBuramu H mosker cienoBath okonuarenbHoe yaaienue H, CsHsCHp-5 —
CsH,CH; + H, uepe3 OGapwrep 31,5 kkan/mons (5,0 kkai/Monb Juisi OOpaTHOTrO
npucoequaenns H). Mzomep CsHsCH,-5 sBnseTrcs Toukoil pas3BeTBICHUS, TJIC
HayuHaeTcss myTh K OeH3omy. Crenyromeidl CTpyKTypoll Ha 3TOM IIYTH SIBJSIETCS
onmmkmueckuit nzomep CsHsCHp(re) ¢ oTHocutenpHOM sHeprueit 31,5 kkajn/Monb, 94To
0sm3Ko K sHepruu ero npeamectBeHanka CsHsCH,-5, paBroit 29,6 kkain/MoIb.
[TommydeHHbIe TaHHBIE B PE3YJIbTaTe UCCIENOBAHUS MIOBEPXHOCTH MOTCHIIMAILHOM
DHEPruM OBUTM WCHOJB30BaHBI JUISI PAcCUdETOB KOHCTAHT CKOPOCTH  pPEaKIuu

IUKJIONeHTaaueHmna 1 Meruia. CHagana paccmarpuBamuch peakmuu CsHisCH; —
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¢bymeBer + H u CsH,CH3 — 6en3on + H, a Takke KOHCTaHTBI CKOPOCTH 00Opa30BaHUS
MIPOJTYKTOB B YCJIOBHSAX TopeHus. KOHCTaHTBI CKOPOCTH TEPBOM PEAKIIMK B JUANIA30HE
temrepatyp 500-2500 K npu naBnenusix 100, 10, 1 u 0,01 aTt™m moka3aHbl Ha pUCYHKE
4.3A. U3-3a Boicokux OaprepoB npu TS5 u TS1 u oTHOCHTENBHO BBICOKOU 3HEPruu
¢dynbBeHa, KOTOPBI MOXKET 00pa30BBIBATHCS HEMOCPEIACTBEHHO Yepe3 BapHaIlMOHHBIN
TS6, pacueTHbie KOHCTAHTHI CKOPOCTH MPAKTUYECKU OJMHAKOBBI MPU BCEX JABJICHUSAX U
MPaKTUYECKU MpeHeOpekuMo Maitbl B quanazone temmepatyp 500-1000 K. Tlpu 1000 K
KOHCTAHThl HAYMHAIOT PACXOJUTHCA, HO OCTAIOTCSd HU3KMUMH 0 TeX IOp, IOoKa
temriepatypa He nogaumercsa 1o 1500—1600 K. IIporno3upyercs, 4To cnaj KOHCTaHT
CKOPOCTH 3aBUCHUT OT JaBJICHUS, HAMOOJbIINE OTKIOHEHUSI KOHCTAHTHI CKOPOCTH MPU
0,01 u 10 at™ oT 3HaYeHHS B Mpeesax BHICOKUX JaBICHUN COCTaBISIOT KOOPPUIIUEHTHI
32,3 u 2,6 coorBerctBeHHO. KoHcTtanThl ckopoctu peaknuun CsH,CH; — Genson,
noka3aHHble Ha pucyHke 4.3b, neMOHCTpUpPYIOT Apyroe mnoBeaeHue. B oriauume or
MPEeNbIAYyIIeH peakiuu, 3HAYEHUS HUMEIOT TEHJICHIIUIO CXOJIUTHCS C TOBBIIICHUEM
TEeMIIepaTyphl, U TOJLKO MPHU BHICOKUX TEMIIepaTypax 00pa3zoBaHrue OEH30J1a CTAHOBUTCS
KOHKYPEHTHBIM ¢ o0pa3oBanueM QyibBeHa. Jyis oOpazoBanus PynbpbBeHa U OeH307a U3
CsHsCH3-1, xak BuaHo Ha pucyHkax 4.3B u I, 3aBUCUMOCTh KOHCTAHT CKOPOCTH OT
JIABJICHUSI U TEMIIEPATypPbl KAUECTBEHHO MOoI00Ha TakoBoM Jijist qucconuarun CsHiCHa.
TeMm He MeHee UMEIOTCSl CYIIECTBEHHBIE KOJIMUECTBEHHBIC Pa3inyus: U3-3a OOJbIIe Ha
7,3 KKaj/MOJIb SHEPTUM peareHTa U MEHbIIEeH 3Heprun 6apbepa npu I S8 1o cCpaBHEHUIO
¢ TS5, CsHsCH,-1 — dymsBen + H u CsHsCH,-1 — 6en30m1 + H KoHCTaHTBI CKOPOCTH
peakuuu Ha 1-3 mopsaka Beie. [locnequuii B CriMcke NpOMEXKYTOUHBIX COEIMHEHUN
CsHy7, CsHsCH,-2, nmeer erne 6oiiee BBICOKYIO 3HEprur0. Ho npsmoro mytu Kk 6eH3011y
HeT, Toapko 4epe3 CsHsCHo-1, a mpsmoii nponece otmeruienuss H ¢ oOpa3oBannem
¢dynbBeHa 00y1ala€T JOCTaTOYHO BBICOKMM Oapbepom mnpu TS10. Ot dakropsl
OOBACHSIOT 00JIee HU3KUE MPH OINPEACIICHHBIX YCIOBUSAX KOHCTAHTBI CKOPOCTH (pUCYHKH
4.3]1 u E) nna xananos pasznoxkenus: CsHsCH,-2 1o cpaBHEHHIO ¢ TAKOBBIMU JIJISI PeaKITAN
CsHsCHy-1 — dymsBen/O6en3on + H. Pacdersl Taxke oOecriednBarOT KOHCTAHTHI
CKOPOCTH m3oMepu3annu (pynpBeHa B OCH30JI C YIaCTHEM BOJIOPOaa, O KOTOPBIX paHee

coobmamu J[xacnep u Xancen [85] ¢ ucnosp3oBaHueM aHaIOTHYHBIX pacuyeToB PPKM-
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OKY, wo ¢ QCISD(T)/CBS//M06-2X/6-311++G(d,p). B tabmuie 4.1 moka3aHsl J1Ba
Habopa KOHCTaHT ckopocTH npu 1 atM. Kak BuiHO, momy4yeHHbie 3HaueHus B 1,9-2,7 pasa
HUXe, yeM B pabore J[>xacmepa u XaHceHa. B o0oux ucciaeoBaHUSIX YUUTHIBAIUCH
3HAYUTENIbHbIE BapUalMOHHbIE 3(QQPEeKTsl U JOBOJIBHO HEOONbIINE TYHHEIbHBIE
MTONPABKH, PACCYUTAHHBIE C MCIIOJIB30BAHHUEM aCHMMETPUYHOIO METOAA DKKapTa JJIs
craauil peakuuu npucoequaenus H. [IoMrMo ncnosib30BaHuss HEMHOTO OTINYAOIIUXCS
sHepruit u yactot konedanuit B2PLYPD3 Bmecto Tex, yTo ObUTN MOMyUYEHBI B pacueTax
MO06-2X/6-311++G(d,p), pa3nnyre MOXKET TaK»Ke BO3HUKATh U3-3a TOTro, uTo J[>Kacmep u
XaHCEH  WCHOJB30BAIM  KPUBOJIMHEHHBIE  KOOPAMHATBI  JUISI  IPEACTABISIOT
rapMOHMYECKHE YacTOThl BJAJIM OT CEMIOBOM Touku. B ux pabore pacueTsl

KPUBOJIMHEWHBIX ~ KoOpauHAT Jamd  kodpduuuentsl ckopocth Ha  10-90%

Ta6mua 4.1 — Koncrautel ckopoctu (cM®/c) H-msomepusamuu dynabBeHa B GeH307
(0ydepnsbiii ra3 Kr)

500K | 700 K | 900 K | 1100 K | 1300 K | 1500 K | 1700 K
Tekyiee 1.57x | 1.28x |6.79x | 2.07x 3.83x | 5.24x 6.11x
ucciaenosanme | 10 [ 1012 102 | 10™ 10! 10! 10!
Jxacmep m|3.04x | 3.11x | 1.81x |4.75x |8.10x |1.06%x |1.19x
Xamncen [85] 102 |10%* |10M" |10™ 101 1010 1010

BbIIIIE, YeM KOA((OUIIMEHTHI PACUETOB JACKAPTOBBIX KOOPAMHAT, MOCKOJIbKY OXKUJIAETCs,
YTO KPUBOJIMHEHHBIE KOOPAMHATHI JTyUIIIe OMUCHIBAIOT HU3KOYACTOTHBIE U3THOHBIE MOJIbI
¢ yaactuem atoma H pearenra. Ha ocHoBanuu pesynbratoB Illapmer u ['puna [86] mis
peakiun CsHs + CHz — CsHsCH»-1/CsHsCH,-2/CsH4CH3 + H MoskHO HadiTi 001mme
KOHCTaHThI CKOPOCTH 00pa3oBaHus ¢yiabBeHa u 6eH3omna, CsHs + CH; — ¢ynsBen + 2H
nu CsHs + CH; — Oenzonm + 2H. [lng sToro mcmoib3oBaiaCh KOMOWMHHpPOBAaHHAS
KUHETHYecKas cxema, MNpeJcTaBiieHHYyl0 Ha pucyHke 4.4. Crnenyer OTMETHUTb, YTO
TEKYIIUI MOJX0/] HE YYUTHIBAET BO3MOKHbBIE PEAKIIUH MPOTYKTOB UJIM UHTEPMEANATOB C

aToOMaMH BOJOPOJIa UJIU IPYTMMU MOJIEKYJIaMU, KOTOPbIE MOT'YT MPUCYTCTBOBATH B
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kpacHble 1u1s1 10 at™, yepnsie miig 100 atm



92

pearupymolei cpeie Ui IPOU3BOJUTHCS B XOJI€ APYTUX peaKlUid, He BKIIOUYEHHBIX B
nannyto cxemy. ®opmupoBanue pazmuHbix BUgoB CgH7 (CsHsCHa-1 mm CsHsCH,-2,
umn CsH4CH3) mMoxer ObITh JOCTUTHYTO JUOO MOCPENCTBOM MPSIMOr0 MEXaHW3Ma C
pONycKOM mpeanecTByommx JyHOK CgHs, mmbo mpeaBaputenbHOl cTabunmzanuen
onuorr u3 cTpykTyp CsHsCH3-1/CsHsCH3-2/CsHsCH3-5 (oObemuueHsl 1oa  0Omum

HazBanueM CsHsCHs) ¢ mocnenyrommm ux TepMHUYECKUM PA3I0KEHUEM.
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Pucynok 4.4 — KomOuHupoBaHHas kKuHeTndeckas cxema peakiun CsHs + CHzu

BTOPUYHBIX TUCCOIIMALINN OCHOBHBIX KoMmIutekcoB CgH7 (a), rpaduueckoe

npeAcTaBlieHue cpaBHeHUs H-uzomepusanuu ¢QyibBeHa B 0eH301 (0)
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KoncTtanTsl ckopoctu ObUM mepecuuTaHbl 371ech B pamkax noaxona PPKM-OKYVY c
MCIOJIb30BaHMEM OOHOBJICHHOM »HepreTuku, noimyyeHHod Ha ypoBHe CCSD(T)-F12 u
yacrotax koneOanuit B2PLYPD3. [Ins Oe30apbepHbIX CTaauil peakiuu, BKIOYas
HavyanpHyl0 accommaruio CsHs + CHs; u pasmuunbie motepu H, Obu mpUHATHI
npeaenbHble KOHCTAaHTBl CKOPOCTH BBICOKOTO JAaBJieHUs, paccuuTanHble lllapmoit u
['punom [86] ¢ umcmonb30BaHMEM TEOPUU TEPEXOIHOTO COCTOSIHUS C BapbUpPyeMOu
koopaunaror peaknun (VRC-TST). B auccepranuu pacuerst MESS BbimonHsumich ¢
UCMoIb30BaHneM Teopun (asoBoro mpoctpanctBa [98]. V Bcex paccmaTprBaeMbIX
JaBJIEHUN ecTh IBe oOue uepThl. Bo-nepBrix, npu Temnepatypax Huxke 1100 K Bpewms,
HEOOXOAMMOE NJIsl TOCTUKEHUSI CTAllMOHAPHBIX YCJIOBHM, SIBISETCS YpPE3MEpPHBIM, H,
CJICZIOBATEIbHO, KOHCTAHTBl CKOPOCTU JJIsl OOBEAMHEHHBIX MEPBUYHBIX U BTOPUYHBIX
peakuuii He UMEIOT (PU3UUECKOro cMbiciaa. Bo-BTOpBIX, cpeny MEpBUYHBIX MPOAYKTOB
CsHsCH,-1, CsHsCH,-2 n CsH4CH3 mocnennuiit Becerpa nmpeodianaer Haa peakuueit CsHs
+ CHs, crenenb pa3BeTBICHHOCTH KOTOpoW mpeBbimaer 99%. [lpu HU3KOM JaBiieHUM
0,01 atM 00e KOHCTaHTBI CKOpPOCTH OOpa3oBaHHUs (ynbBeHa U OEH30Ja MOHOTOHHO
pacTyT C TeMmIepaTypoil, mpuuem oOpa3oBaHHE OeH30ia omnepexaer oOpa3oBaHUE
¢dynbBeHa u3-3a 0osiee HU3KOro Kputudeckoro 0apwepa npu TS5 (54,1 kkan/mMois) 1mo
CpPaBHEHMIO C 3Heprueu gynbBeHa (56,1 kkai/Monb). B T0O ke BpeMsi OTHOCUTEIbHBIN
BbIXO/l O€H30/Ia CHMXaeTcs npu OoJjiee BBICOKMX TeMIlepaTypax, MOCKOJIbKY IyTH
obpa3oBanus (yibBeHa OoJiee OJaronpuUsTHbI C SHTPONUITHON TOukH 3peHus. Cirydaid
BBICOKOTO J1aBjicHUs1 100 aT™M COBEPILIEHHO MHOM M XapaKTEPU3YETCsl HECKOJILKUMHU SIPKO
BBIPAKEHHBIMUA JKCTpeMyMaMH. [IOCKONbKY peakiusi MPOXOAUT MPEUMYIIECTBEHHO
yepe3 cTpykTypy CsH4aCHs, pasymMHO nMckaTh KOpHU Takoro MOBEJEHUS B KOHCTAHTax
CKOPOCTH CTAJIMil peakiy ¢ Y4aCTHEM 3TOr0 MPOMEKYTOUYHOI'O COCTUHEHUS (pUCYHOK
4.5). IlepBbiit moBOpOTHBIM MOMeHT — 1250 K, korjga oTHOCHUTENBHBINA BBIXOJ OEH301a
HaYMHaAET OBICTPO YMEHBINATHCS, a PyIbBeHa — yBenuuuBatbed. [Ipu 310l Temnepatype
peaknus CsHsCH; — CsHsCH,-2 omepexaer craguio CsH,CH; — CsHsCH»-5, gto
CrocoOCTByeT oOpa3oBaHMIO (ylIbBeHa 3a cUET oOpa3oBaHHs O€H30J1a, IMOCKOJIbKY
tepmamm3oBanHas cTpykrypa CsHsCH,-2 B ocHOBHOM pacmamaercss 10 (ynbBeHa, B

ormmaue ot CsHsCH»-5. Ha BTOopom axctpemyme, 1500 K, moxxHO OBLTO HaOMIOIATH
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oOpaTHYIO TEHJCHIIMIO; KOHCTaHTa CKOPOCTH (DylbBEHA HAuMHAET MaJaTh, TOTJA Kak
KOHCTaHTa CKOPOCTH O€H30j1a HAaYMHAET YBEINYMUBATHCSA. DTO M3MEHEHUE CBS3aHO C
notepeit crabunbHocTH CsHsCH,-5. Kak 66110 cka3aHo BBIIIIE, ATa SIMa UIMEET PeIIaroniee
3HAYEHUE JJI1 UCX0Ja PEAKIIUH, TAK KaK HAXOJUTCS Ha IEPECEUYECHUU ITyTEN K IPOAYKTaM.
Breimie 1700 K mocTosiHHBIN pocT cKOpocTH 0Opa3oBaHus (yibBEHA CHOBAa HaYWHAET
MIPEBOCXOJIUTHh POCT OEH30J1a M3-3a 0oJiee MIMPOKOro pazHOOOpa3usl Pa3IMUHbIX MyTeH
oOpa3oBanusi (ylibBEHa MOCPEACTBOM MpsMoro ortmierienuss H wim mocpenctBom
MPEANIECTBYIOMUX CABUTOB H M HMX 3HTpONUMHOrO MPEANOYTEHUS MO CPAaBHEHUIO C
€IMHCTBEHHBIM ITyTEM PACIIMPEHUs KoJblia 70 OeH3ona. Ciiydan yMEepeHHBIX JaBJICHUN
1 u 10 aTM O4YeHb TOXOXH M XaPAKTEPU3YIOTCS HEOOIBIIMMHU OTKIOHEHUSIMH OT
MOHOTOHHOT'O moBeAcHUs. | 1aBHOM OCOOEHHOCTBIO 3THUX JIABJICHUH SIBISIETCS TO, YTO
GynbBeH W OEH30JI MEHSIIOTCS POJSIMU B KauecTBE MpeoOJIaaloIIuX MPOIYKTOB MPHU

Temriepatypax okosuo 1600 K.
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Pucynok 4.5 — (A) KoncranTtsl ckopoct 00pa3oBanus GyibBeHa (MIOTHBIE CHMBOJIBI) U
Oen3ouna npu pa3auuHbix gaBieHusx: 0,01 at™ - cunwmii; 1 at™ - 3enensbrit; 10 at™ -
kpacHbIit; 100 at™ - yepHbiit; (b) OTHOCUTENBHBIC BBIXOABI O€H3051a MPU Pa3TIMYHBIX
nayienusx; (B) Koncrantel ckopoctu peakiuu paznuaabix craauii: CsH,CH; —
dbyneBen + H, uepnsriit; CsHyCH3; — 6enzon + H, kpacusrit; CsHsCH3; — CgHgH,
3enenbiil; CsHyCH3 — CsHsCH»-1, cunmit; CsHi.CH; — CsHsCH»-2, po3oBbii;
CsH4CH3 — CsHsCH,-5, romy6oii
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4.2 TloBepXHOCTH MOTEHUHAJIBHOI YJHEPTUM U KOHCTAHTHI CKOPOCTH PeaKkHH

CsHs + CoH~

Ha pucynke 4.6 noka3zanbsl pa3MyuHble TyTH peaklid peKOMOMHALIMYA UHJICHUIT U
pajMKana IMKJIONEHTAJAMEHUTIA C TMOCIEAyIolIed TMoTeped aroma BOJOPO.A,
nocleAyomne uzoMmepusamnuein u pacrmagoMm paaukanoB CisHi;. PexomOunarus
VHJEHWIIA U IUKJIONEHTaJAMEHNIa TPUBOIUT K oOpa3oBaHuio Komiuiekca CoHz-CsHs
(Ci4H12) ¢ HoBol cBsi3bio C-C, coequHSIONICH JBa MATHYICHHBIX KOJIbIA. DHEPIHs,
BBIJIENISIEMasl B pe3yJIbTaTe ATOr0 IMpoOIlecca acCOIUAIMK, COCTABISIET 52,5 KKajl/MOJb.
Jlanee oTiienjeHrue aToMa BOJIOPOAa OT MATUWICHHBIX KOJIEI IUKIONEHTaAMCHUIbHON
WJIM MHJICHUILHOW YacTel KOMILIEKCA MPUBOIUT K 00pa3oBanuio n3omepoB Ci4Hi wl u
wwl, sHepruu Kotopeix Ha 75,2 u 74,2 KKkaja/Moib Bbliie 3Heprun koMmruiekca CigHio,
cootBeTcTBeHHO. Takum oopasom, peakuuu CoH; + CsHs — Ci4Hio — CisHig (Wl/wwl)
+ H mpenckaspiBaroTCsl SHIOTEpMUYECKUME Ha 22,7/21,7 xkan/monb. J{is cpaBHEHUS,
npotorun peakiun CsHs + CsHs — CsHs-CsHs — CioHg (9-H-dbynsBanenmn) + H, kak
OBLJIO paccuMTaHO paHee, MMEET AHAJOTUYHYI0 IHIOTEPMHYHOCTh, 23,3 KKaJ/MOJb
[193,194]. ATom Bomopoa MoxkeT ObiTh otiierieH oT (Ci4H11) pamukanoB wl u wwl ¢
oOpasoBannem OenzodynpBameHa P4f ¢ morepsimu sueprum 39,2 m 40,2 xkan/moib
COOTBETCTBEHHO, MPEOAOJeBas HECKOJbKO Oojee BbICOKME Oaphepnl 41,4 m 433
KKaj/Moib. Takum 00pa3oM, ¢ yueToM oOpaTHBIX peakiuil mpucoeqnHenust aroma H k
P4f pacuetnbie 6apbepsl oOpazoBanust wl u wwl cocraBisitor 2,2 u 3,1 kkayi/Moub
COOTBETCTBEHHO. Jlasee paccMaTpuBalOTCA albTEpPHATUBHBIC MYyTH W30MEPHU3ALUU U
aucconmanu wl, KOTOpbI€ aHAJIOTMYHBI a3yJICHOBOMY M CIHUPAHOBOMY IIYTSM,
u3ydeHHbIM panee i 9-H-pynpeennna [193]. B wacTtHoCTH, 0 cCiMpaHOBOMY ITyTH W1
nepectpauBaercs B w2-1 ¢ o0Opa3oBaHMEM TPEXWIEHHOTO KOJbIA MEXKIY IBYMS
NATUYJICHHBIMM  KOJIBIIaMM, TpeojosiieBas Oaprep 16,9  kkan/monb.  3artem
MPOMEXYTOUHOE COeAMHEeHHe W2-1 n3omepusyerca B CTPYKTypy cnupana w3-1 uepes
6apbep 17,4 kkan/mMoIib 3a CUET paCHIMPEHUS MISTUYICHHOrO KOJIbIAa MHICHUIILHOM YacTH

H TPCXYIJIICHHOI'O KOJIbIId O MCCTUYJIICHHOI'O KOJIbIIA.
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Pucynok 4.6 — Cxema nzomepuszammii peakiuu rnpu accorparmu CsHs + CoHy.
OTHOCHUTENBHBIE SHEPTUU PEAreHTOB, TPOAYKTOB, IPOMEXKYTOUHBIX U TIEPEXOTHBIX

COCTOSIHMI BBIPAXKEHBI B KKaJI/MOJTb

Ha nocnenyromem mare w3-1 nmepectpauBaercst B w4, 00pasys e1ie 0JHO TPEXWICHHOE
KOJBIIO MEXKIy TISATH- W IECTUYICHHBIM KOJBIIAMH, IIOCIE YEero IPOUCXOIHT
pacCIIUpPEHUE COCCMHUX TATH- W TPEXWICHHBIX KOJICIl JO IMECTHUICHHOTO KOJbIla
oOpa3oBaHne (eHAHTPEHOBOTO SApa B W5-2 ¢ OaphepaMu I CTaauid peakima w3-1 —
w4 1 w4 —> W5-2 22,9 u 12,6 kkan/Monb cooTBeTcTBeHHO. Hakonerr, moteps H u3 w5-2
IPUBOIUT K TOMY, 4TO (DEHAHTPEHOBBIM MpoAyKT P2p mpeomoneBaer Oaprep B 19,2
kkan/monb. [Tyte oT wl k¥ ¢penantpeny wl — w2-1 - w3-1 »> w4 - wb-2 > P2p+ H
OKa3bIBACTCsI HAN0O0JIee SHEPTeTUYECKH BHITOIHBIM IS TIEPErpyNIUPOBKH U pacmaaa wl
KaK HauBbICIIero 6apbepa (it w2- 1 — W3-1 craaus) nexxut ToJibko Ha 31,2 kkain/Molib

Bbillle W1, a oOpa3oBaHue (peHAHTpEeHa B LEIOM SIBISETCS HIK30TEPMHYECKUM Ha 7,7



98

KKaJI/MOJb. DTU 3HaYEHUS aHAJIOTUUHBI pa3noxeHuto 9-H-pynpBanenuia 10 HapTaivHa
+ H mno ananornyHoMy CHHpPaHOBOMY IIyTH, TJ/I€ CaMblii BBICOKMI Oapbep U
AK30TEPMUYHOCTb peaKIuu ObuTH paccuuTanbl Kak 30,7 u 8,6 Kkaj/MoJIb COOTBETCTBEHHO
[193]. AnbTepHaTuBHBIN yTh OT W3-1 710 W4-1a BKIIFOYAET PACKPHITHUE MATUWICHHOIO
uKIia yepe3 Oaprep 27,7 KKaja/Moib; MPOMEXKYTOUHOE coeAnHeHne w4-1a nMeer aBa
KOHJCHCUPOBAHHBIX MIECTUWICHHBIX KOJIbLIA M MPUCOCAMHEHHYI0 OOKOBYIO LIEIb
CHCHCHCH. bokoBas uenb B w4-la Moxer 00pa30BbIBaTh JOIMOJHUTEIBHOE
MIECTUYJICHHOE KOJIbIIO, 00pa3ys TakuM 00pa3oM (heHaHTPEHOBOE S/Ipo B WS5-2 (uepes
MeTacTaOUJIbHBIA MPOMEXKYTOUHBIA MPOAYKT W4-2a) WM aHTpalleHOBOE sSApo B wS-1a.
[Tocnennuii nerko Tepsier atoMm H ¢ oOpazoBanuem anTpaueHa Pla uepes 6apoep 16,3
KKaJI/MOJIb; aHTpalleH Ha 5,9 KKaJl/MOJIb MeHee cTa0uiieH, yeM (DeHaHTPEeH, 4TO OJIM3KO K
HKCIEPUMEHTAJIbHON pa3HUIIE UX SHTAJIBIUN 00pa3oBaHus 4,7 Kkaji/Moisb. bapbepsl mo
OTHOILIEHUI0O K W4-la jya oOpa3oBaHus (PEHAHTPEHOBOI'O M AHTPALIEHOBOIO SIZIEP
COCTaBJISIIOT Bcero 3,5 u 6,3 KKaj/MoJIb COOTBETCTBEHHO. TeMm He MeHee myTh Wl — W2-
1 —>w3-1—> w4 —> wbh-2— P2p+ H x peHaHTpeHY SHEpreTHIECKH 00JIee BBITOACH, YEM
nyts wl - w2-1 - w3-1 - w4-1la - w4-2a - wb-2 > P2p+ Hu wl —» w2-1 —» w3-
1 —- w4-1la — wb-1a — Pla + H nmyTtu x ¢peHaHTpeHY U aHTpalleHy COOTBETCTBEHHO U3-
3a Ooiyiee BBICOKOTO Oapbepa mis w3-l—Ww4-la kak mo cpaBHeHHIO ¢ W3-1—->W4.
BerBnenue Mexny (peHaHTPEHOM U aHTpaleHOM OyJET 3aBUCETh OT Pa3HMIIbI B BBICOTE
Oapbepa U CTaTUCTUYECKOM CyMME MEPEXOJHOTO COCTOSIHUS ISl SJIEMEHTapHBIX CTaaui
peakuu w4-1a (— w4-2a) - wb-2 u w4-1a — wb-1a.

ANbTepHATUBHBIA KaHal peakUud, MPOUCXOAUMii oT WwI, aHamorudyex
azyneHoBomy mytu s 9-H-bynepBanenmna [193]. B xoxe atoro mytu cHadaia
00pa3yercsi YeTHIPEXUICHHOE KOJBII0 MEXAY JBYMS MATHWICHHBIMU KoJblaMu (Wl —
W2-2) uepe3 BbICOKHMW Oapbep. 52,1 kkan/monms. Ha cnenmyromem »3tame 3To
YETBIPEXUJICHHOE KOJBI[O COEOUHAETCS C MSATHUWICHHBIM  KOJIBLIOM  OBIBILIETO
WHJICHUIBHOTO (parmenta (w2-2 — W3-2) depe3 Oapsep 27,9 Kkan/Moilb C
oOpa3oBaHHEM 0EH30a3yJICHOBOTO sjipa | rmotepeit atoma H. (w3-2 — P3az + H) naer

H30MCP 6€H3033}7J'I€Ha C IICCTUYJICHHBIM KOJIBIIOM, ITPUCOCINMHCHHBIM K CCMUYJICHHOMY
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koibIty. [locnenoBarensHocth Wl — W2-2 — W3-2 — P3az + H sanmoTepmuuna Ha 28,7
KKaJ/MOJIb U KOHTPOJIMPYETCS BBICOKUMH OapbepaMul s cTaguii wl—W2-2 m w2-
2—W3-2 ¢ COOTBETCTBYIOIIMMHU COCTOSHUSIMU Tiepexosa Ha 52,1 u 53,4 kkan/mMomb BbllIe
w1 cootBercTBeHHO. ClenoBarTenbHO, oOpa3oBaHue OeH3o0a3ysneHa P3az He oxumaercs
OnaronpustHbIM. Kpome Toro, nuurepmeanat w3-2 ¢ 0€H30ayJICHOBBIM SJIPOM MOXKET
JIETKO MeperpynnupoBaThes B w3-1 u w4 uepe3 Hu3kue 6apbepsl 7,9 u 6,5 Kkaji/MoJb,
YTOOBI BEPHYTh PEAKIIMOHHBIN MOTOK HA CIUPAHOBBIN MyTh, TOTJa Kak Oapbep notepu H
13 w3-2 cocraBiser Bhlie, 31,5 kkan/moiab. CyMMUpYst BCe ITyTH, HAUUHAS ¢ W1, MOXKHO
3aKJIIOYUTh, YTO TNYTH, BeAyllMe K (EHAHTPEeHY, SBIAIOTCS HHEPreTHYEeCKU
MPEANOYTUTEIHLHBIMU, a TIPSAMOE, OJHOCTaAuHOe oOpa3oBaHue OeH3odynbpBaneHa P4f
0JIarONpHUATCTBYET SHTPOMUUHOMY (haKTOpy.

Tenepb 00paTMM BHUMaHUE Ha IMYTH MNEPErPYNIMUPOBKU U Pa3OKEHUS WWI,
KOTOpBI 00pa3zyercs B pe3yibTate norepu H u3 mnaeHninbHoro parmMeHTa B KOMILIEKCE
Ci14H12. Haubonee sHepreTnyecku BBHITOJHBIA MMyTh, MPOTEKAIONINA IO CIIUPAHOBOMY
MexaHuzmy, wwl — ww2-1 - ww3-1 - ww4-2 — wwb-1 — P2p + H, npuBoaur k
o0pa3oBaHMi0 (DEHAHTPEHA C CaMbIM BBICOKUM OapbepoM Jjisi myTd ww2-1— cTyneHs
ww3-1 Haxomutcs Ha 30,1 kkan/monb Bbiie Wwl. Pa3HOBHAHOCTH ATOTrO MYTH,
BKJIFOYAIOIIAST PACKPBITHE MATHYICHHOTO Koyibila B ww3-1, ww3-1 — ww4-1 — ww5-1,
MMeeT HECKOJILKO OoJiee BEICOKUE Oaphephl, 4eM O0apbepsl it ww3 -1 — Ww4-2 — Ww5S-
1. IIpuMeyaTenbHO, YTO B OTIAWYHE OT PACKPBHITHS MHKIAa B W3-1 C TMOCIEemyIOmuM
3aMBIKAHUEM IIECTUWICHHOTO IMKJIa B W4-1a, aHaJOTMYHBIE TPOIECCHI, UAYIINE OT
WW3-1, MOTYT IIPUBECTH TOJBKO K 00pa3oBaHui0 (peHaHTPeHOBOrO sapa (y wwS5-1), HO
HE K aHTpareHoBoMY saipy. Hakoner, myTs a3yneHa ot wwl, wwl — ww2-2 — ww3-2
— P3az2 + H, umeer ropasio 6osee BHICOKUI KpuTH4YecKui 0aprep, 69,0 Kkaji/Moib 1Mo
CpaBHEHMIO ¢ Ww1 Ha ctaaun wwl—>WW2-2, 1 1aeT OTYETIUBBII n3oMep OeH30a3ylieHa,
I IECTUYWICHHOE KOJbI[0 MPHUCOCIUHEHO K MSITHUWIEHHOMY KoJblly. Kpome Toro,
KOHKYPEHTOCIIOCOOHOCTH KaHajia P3az2 + H npenstcTByeT TOT (hakT, 4TO HHTEPMEAUAT
WW3-2 MOXET MeperpynnupoBbIBaTHCSI B Ww4-2 1, TAaKUM 00pa3oM, BO3BpaIlaThcs Ha

COUpaJIbHBIA MyTh uepe3 Oapbep Bcero 9,4 kkai/molb, Toraa kak oapbep Js kaHaiga H
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nmoTepu oT ww3-2 ¢ obpazoBanueM P3az2 3nauutenbHo BbImie, 36,0 kkan/Monb. Takum
obpa3oM, MogoOHO W1, PHTAIBNUWHO W SHTPONHUIHO MPEANOYTUTEIbHbIE KaHaJbI
pazioxeHuss wwl npuBomar K (eHaHTpeHy U OeH30(yIbBajieHy COOTBETCTBEHHO.
AJbTepHATUBHO, WW] HE MOXET HalpsMyr0 AMCCOLMUPOBATH 0 aHTpaleHa (XOoTs
HEMPSAMON TyTh, BKIIIOYAIOIMINN HEOJarONpUITHYIO H30MEpHU3aluio wwS-1—->wbh-2,
CYIIIECTBYET), a 00pa3oBaHUI0 O0E€H30a3yJIeHOBOTO M3oMepa P3az2 mpensaTcrByer Oosee
BBICOKHI Oapbep, ueM oopazoBanuto P3az u3z wl.

C wucnonp30BaHHMEM TMOJMYYEHHBIX HHEPreTUYECKUX M MOJIEKYJSPHBIX IapaMeTpoB
G3(MP2,CC) paccuuTanbl KOHCTaHTBI CKOPOCTH PEAKIIMM HN30MEpH3aIlun/pacmasa
paaukanoB CiyHij; wl u wwl, KOTOpbI€ MPEACTaBIAIOT COO0 BEPOSITHBIC TIEPBUYHBIC
npoaykTel peakiuu CoHy + CsHs — Cy4Hi, — CiyHy + H. I'paduku, npencraBieHabIe
Ha pucyHke 4.7, WIIIOCTPUPYIOT KOHCTaHTBI CKOPOCTH B3aMMHON HM30MEpHU3aIlIU
uHTepMeanaToB wl u wwl u ux pasznoxxenus Ha Tpoayktel Pla, P2p, P3az, P3az2 u P4f
OpU pa3iMuHbIX naaBleHUsK. Hampumep, Ha pucynke 4.7a moKa3aHbl KOHCTAHTHI
CKOpOCTH pasliockeHus u uzomepusauud wl npu 1 atm. Ha rpaduke oTueTinBo BUAHO

npeobnaganue n3omMepusanuu wl B wwl 1o cpaBHEHHIO ¢ KaHAJIaMU Pa3iokKeHHs. ITO

CBSI3aHO C Te€M, 4TO Oapbep uzomepuszanuu wl—->wwl (mo H-casury) cocrapisieT Bcero
~20 kKkan/Monb, TOorAa Kak myTu motepu H TpeOyroT npeomonenus 6apbepa He MeHee ~3 1
KKaJ1/MoJb. CleayromumM OJIaronprusTHEIM KaHAJIOM MTPH HU3KUX TEMIIEpaTypax sBISIETCS
obOpasoBanne deHantpeHa P2p. Oxgnako mpu Temmeparypax 700-800 K sHTponmmitHbIHA
dakTop craHOBUTCS OoOJiee 3HAYUTENBbHBIM, M KOHCTAHTa CKOpPOCTH OOpa3oBaHMUS
npoaykta P4p (GenzodynpBaneH) mpeBbimaeT TakoByro A P2p. Kamamel mpomykra,
oOpasyromue n3omephl anTparieHa Pla n 6enzoazynena P3az u P3az2, nemoncTpupyiot
OYEHb HU3KHE KOHCTAHTBI CKOPOCTH M, CJIEIOBATEIILHO, HE OKUIACTCA, YTO OHU OYIyT
BHOCHUTbH KaKOW-THOO 3HAYUTENbHBIA BKJIAJ B OO BRIXOM TTpoaykTa. Clemyer Takxke
OTMETHTb, UTO W1 He SIBJIsIETCS CTAOUIBbHBIM KaK OTJENIbHBIN XUMUUECKUW BUA Ipu 1 atM
Bbiie 900 K, MOCKONBbKY OH MOJHOCTBIO YPaBHOBEIIMBAETCS ¢ WWI1 M NpOAYKTaMHU
paznoxenus, P1p u P4f. KauectBeHHO KapTuHa ocTaeTcs moxoxei npu gaBieHusx 10 u

100 at™ (pucynku 4.76 1 B), HO KOJIMYECTBEHHBIE IeTalu paznudarotcs. Hampumep, npu
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10 u 100 atm wl coxpansercs B Buje crabmibHOi (opmbr mo 1125 u 1400 K
COOTBETCTBEHHO, a Takxke npu 100 atm OeH30dylnbBajgeH sBIsAETCS Haubosee
MPEANOYTUTENbHBIM IPOAYKTOM Pa3IoKEHUsI BO BCEM UCCIEOBAHHOM HaMU HHTEpBaJe
Temriiepatyp, rae cymecrsyer wl, 500-1400 K. PaccuntanHble KOHCTaHTBI CKOPOCTH
M30MEpU3aLH U Pa3iIoKeHUss Ww1 JTOBOJNBHO cX0XKU (pucyHku 4.7r-€).

IIpu 1 atm ww1 moxer cymectBoBath 10 1250 K, Toraa kak npu 10 u 100 atv ero
TEMIEpaTypHbI JMamna3oH crTabuibHOCTH mpoctupaercs o 1400 u 1600 K
COOTBETCTBEHHO. B To Bpemst kak nzomepuzauust wwl B wl sBnsiercs npeoOiaaaonmm
KaHaJIOM BILJIOTh JI0 TEMIIEpaTyp, IPU KOTOPBIX elle CcylecTByeT wl, OeH30(]ynbBaieH
P4f oxa3biBaeTcsi MNpPEANOYTUTENBHBIM MPOJYKTOM pa3jOXKEHUS IO CPaBHEHHUIO C
dbenanTpenom P2p 115 Bcex Mcciie0BaHHBIX TEMIIEpATyp, axe npu 1 atm.

Pe3ynbTaThl MOKa3bIBAIOT, UTO MpPHU TUIUYHBIX YCIOBUSX TOPEHUS paJUKaibl
CusHi1 wl u wwl ObicTpo pasnararoTcsi MpeUMMYLIECTBEHHO 10 OeH30(yJbBaleHa ¢
OTHOCUTEJILHO HEOOIBIIUM BBIXOJO0M (heHaHTpeHa. [ oleHKn 001mmx KO3 PUIIueHTOB
BeTBIeHUs P4f u P2p Opina pelieHa cucrema KHHETUYECKUX YPAaBHEHUMH, BKIFOUAIOIIAs

p€aKnu H30MCpU3aAlTNuA wl u wwl u ux Pa3j10KCHUA B CTAITUOHAPHOM HpI/I6JIH}KeHI/II/I.
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Pucynok 4.7 — TemnepatypHble 3aBUCUMOCTH KOHCTAHT CKOPOCTH JIJIS1 Pa3JIMYHBIX H30MEPU3AMOHHBIX U UCCOIMAIMOHHBIX

KaHaJIOB OTHOCUTENIbHO KoMIuiekca W1 mpu gaBienusx 1 atv (a), 10 atm (0), 100 at™ (B) 1 oTHOCUTENBHO KOMIUIEKCa WW1 mipu

nasienusx 1 atm (1), 10 at™ (i), 100 aT™ (€)



103

1.0 1 e l -
m J
=
g 0.8 -
= ]
5 0.6 - —— P2p, ¢penantpen (u3 wwl) |
m —— P4f, 6enszodyabBaneH (13 wwl)
2 ] ——P2p, denantpen (u3 wl)
E 0.4 —— P4f, 6enso¢ypBaneH (u3 wl) .
| i
= 0.2
2
g !
S 0.0 - i
z .

I I
500 1000 1500 2000 2500
Pucynok 4.8 — Koaddurinents BeTBiaeHus: GopMupoBaHus GeHaHTPEHA U
oen3odynpBaneHa u3 komiiekcoB Ci4H;1, paccunTanHbIe B cTallMOHAPHOM
MPUOIIKEHNUH C UCTIOJIb30BAaHUEM TIPEICTBHBIX KOHCTAHT CKOPOCTH BBHICOKOTO

JaBJICHUS JJIs1 DJIEMEHTAPHBIX CTaUN peaKIuu

[TockonbKy KOHCTaHTBI CKOPOCTH, 3aBUCSIIINE OT JaBJICHUS, AJis OOJBITMHCTBA pEeaKni
B 3TOM CHUCTEME JOCTYIHBI TOJIBKO /10 ONpPEACNICHHBIX TEMIIEpATyp M3-3a MPUCYIIEH
HecTaOUIbHOCTH W1 1 Wwl, B 3THX pacdeTrax HCIOJb30BAIMCh KOHCTAHTHI CKOPOCTH B
npeaene BBICOKOTO JAaBIICHUS M7 SJEMEHTApHBIX cTaauii peakuuu. [lomydeHHbie
KO3((HUITMEHTH BETBJICHUS TPOMILIIOCTPUPOBAHBI Ha pHCYHKE 4.8 M 0TOOpakeHbI B
tabmuue 4.2. Pe3ynpraThl MOKa3bIBalOT, YTO, XOTS (EHAHTPEH  SBISAETCS
peo0IaIaroM TPOIYKTOM TIPH HU3KUX TeMrieparypax, HauuHas ¢ ~ 750 K, Beixon
O6enzodynbpBaneHa BhIie, YeM Bbixona ¢eHanTpeHa. Haunmnas ¢ temnepatyp 1500 K u

BBIIIIE MTpeobiiagaeT 6eH3o(dynbpBaieH, Ha JOI0 KOTOPOro MPUXOIUTCS OKoIo 99% Bcex
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MIPOJYKTOB PEAKLIMH, U MEXKY PEaKUUsMU, HauMHasg ¢ Wl m wwl, cylecTByer oueHb

HEOOJIbIIIas Pa3HHUIIA.
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Pucynok 4.9 — TemneparypHbie 3aBUCUMOCTH KOHCTAHT CKOPOCTH VISl PA3JIMYHBIX
npoayKToB H-m3omepu3anmu 6en3odynpBaneHa npu nasnenusx 0,03 at (a), 1 atv (0),

10 at™ (B), 100 at™ (T)
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Tabnuna 4.2 — Koadduimentsl BeTBieHus (HOpMUPOBAHUS OCHOBHBIX MPOIYKTOB W3

nepBoHavaIbHbIX KoMIuiekcoB CiaH1g

wwl wil
T(K) P2p PAf P2p P4f Pla P3az
500 0.987 0.013 0.987 0.013 0.0 0.0
600 0.871 0.129 0.871 0.129 0.0 0.0
700 0.548 0.452 0.548 0.452 0.0 0.0
800 0.248 0.752 0.248 0.752 0.0 0.0
900 0.106 0.894 0.107 0.893 0.0 0.0
1000 0.049 0.951 0.05 0.949 0.0 0.0
1125 0.022 0.978 0.024 0.976 0.0 0.0
1250 0.011 0.989 0.015 0.985 0.0 0.0
1375 0.006 0.994 0.012 0.988 0.0 0.0
1500 0.004 0.996 0.011 0.989 0.0 0.0
1650 0.002 0.998 0.011 0.988 0.001 0.0
1800 0.001 0.998 0.012 0.986 0.001 0.0
2000 0.001 0.999 0.013 0.984 0.002 0.001
2250 0.001 0.999 0.014 0.981 0.003 0.001
2500 0.000 1.000 0.015 0.979 0.004 0.002

[Tockonbky O6eH30(dynbpBaneH oopasyercs U3 paaukanoB CigHi1 MOYTH UCKITIOUYUTENBHO
IpU TeMIlepaTypax, HauboJiee COOTBETCTBYIOIUX FOPEHUIO, TAKXKE BAXKHO YUUTHIBAThH
oOpatHyro peakiuto P4f ¢ H. PacueTrHple KOHCTaHTBI ckopocTu peakiuii P4f + H,
BBIYHCIICHHBIC TIPU PA3JMYHBIX JABJICHUSIX, MPEACTaBlIeHb Ha pucyHke 4.9. Peakius
MOXET OBITh OIKMCaHa B TepMUHaX uzoMepuzamuu P4f ¢ yuactuem H npenmyiiiecTBeHHO
B (peHATPEH, HO TAK)KE, B MEHBILICH CTETEHH, B aHTPALIEH U OEH30a3yJIEHOBBIE U30MEPhI
P3az u P3az2. Ilpennonaraercs, 4To peakius OyaeT ObICTPON C KOHCTAHTOM CKOPOCTH
obpazoBanus (eHanTpeHa npepsimaromeii 102 cm®/c pu Temnepatype Bbime 900 K u

nasieHun 1 at™, gocruraronieit makcumyma B nuanazone 1000-1500 K B 3aBucumoctun
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oT nasieHus. Haubonee cyuiecTBeHHasi 3aBUCUMOCTh OT JaBJICHHs HAOMOJaeTcs Mpu
HU3KUX TEMIEpaTypax, NPy KOTOPHIX €Il€ BO3MOXHA CTOJIKHOBUTEIbHAS CTAOUITU3ALUS
wl u wwl. Koappurments! BerBinenus npoaykroB CisHio peakunu 0enzodynpBaneH +
H npencrasnensr B Tabnuiie 4.3 u nmponsunrocTpupoBaHbl Ha pucynke 4.10. SIcHo, yTo
(dbeHaHTpeH SBISIETCS OCHOBHBIM MPOAYKTOM C KOI(PQUIIMEHTOM pPa3BETBIICHUS,
Bapbupytonmmcs ot ~ 100% mpu 500-800 K (oO6patute BHUMaHHUE, YTO CTAOUIIM3ALIUS
pagukanoB CisHi; He yumthiBaercs) mo ~82% mnpu 2500 K. B obmactu BBICOKHX
TeMIiepaTyp BKJaj oOpa3oBaHus aHTparieHa coctaBisier oT 2% mipu 1500 K mo 9% nipu
2500 K, Torma kak OTHOCHTENbHBIM BBIXOJ IBYX H30MEpOB O€H30a3yJE€Ha TaKkKe

nocturaer 9% npu camoi BBICOKOW TeMITepaType.
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Pucynok 4.10 — Koadduuments: BeTBineHus npoaykros H-uzomepuzanmu

O0eH3odybpBaIcHa
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Tabmma 4.3 - Koabdumuentsr BeTBIeHUs TpoAaykToB  H-m3omepuzanuu
6en3odyapBaieHa

T(K) AHTpareH denanTpeH Benzoazynen (1) benszoasyien (2)

500 0 1.000 0 0

600 0 1.000 0 0

700 0 1.000 0 0

800 0 1.000 0 0

900 0 0.999 0 0

1000 0.001 0.999 0 0

1125 0.003 0.996 0 0

1250 0.007 0.991 0.001 0.001

1375 0.013 0.983 0.002 0.002

1500 0.02 0.972 0.004 0.004

1650 0.031 0.953 0.008 0.007

1800 0.044 0.932 0.014 0.011

2000 0.06 0.899 0.024 0.018

2250 0.078 0.856 0.038 0.028

2500 0.092 0.817 0.054 0.037
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4.3 BbiBoabl K riaase 4

Hacrosimue wuccrnenoBaHusi BBISSBUWIM MEXaHU3MBI M KUHETUKY peaKIuil
IUKJIONICHTAAUEHIIa ¢ UWHACHWIA/METHJIa B JKCTPEMAJIbHBIX YCJIOBHUSX. bbuia
ycoBepieHcTBOBaHa [111D peakiiny nuKIONEeHTaIUEHUT U METUIT-PAINKAIIOB, a TAKXKE C
UCroib30BaHueM  Oosee  coBepmieHHBIX — MetogoB  CCSD(T)-F12/cc-pVTZ-
f12//B2PLYPD3/aug-cc-pVDZ yTO4YHEHBI SHEPrUU M MOJCKYJSIPHBIC TapaMeTphI
u3BecTHhIX nHTEpMennaToB CegHg 1 CgHy, a my1s peakiiuu 1uKIONeHTaAueHUI U METHJI -
paauKanoB (pUHAILHOE YTOYHEHUE SHEPTUU MPOU3BOIUIIOCH TyTEM KOMOMHUPOBAHHOM
cxembl G3 (MP2, CC). IlepBas cramus peakiuu CsHs + CH; mpeacraBisier coOoid
6e30apnepuyto pekomOunaimoo CsHs u CH; ¢ mocnenyromeld murpanueir atomoB H u
OTIHICTUICHUEM BOJOpOJIa WM HEMEJICHHBIM pa3pbiBoM cBs3u C—H ¢ oOpazoBanuem
Tpex uzomepoB CeH7: CsHsCH,-1, CsHsCH,-2 u CsH4CH3. Dneprum nepBoIx ABYX U3 HUX
B mepecyere OM3KH K YKa3aHHbIM paHee [86]. OmxHako TpeThe 3HaueHUE OKa3bIBaeTCs Ha
5,8 KKaJI/MOJIb HIKE, YTO CMEIIAET UCXOJl PEaKUHUH B TOJb3Y MYTU Yepe3 pajauKal
CsH4CHs, crenmenp pa3BeTBIIGHHOCTH KoToporo IpeBbimaer 99%. Btopas dvacth
MexaHu3Ma — oOpa3oBaHu€ (yJbBEHA WM OeH30ja IMmyTeM mpsMoro ynainenus H or
pagukanoB CgH; umm yepe3 mpoMexyTodHbIE MEperpynmnupoBKU. PacyeTsl MOIHBIX
KoHCTaHT ckopocTH peakiuii CsHs + CH; — ¢ynbBen / 6enson + 2H, npoBeicHHBIC 11O
KOMOWHUPOBAHHOM KHHETUYECKOM CXeMe, IOKa3aliu, 4To Npu Temiiepatypax Hroke 1100
K Bpewmsi, HeoOXoauMoe AJis JOCTUXKEHUSI CTAIlMOHAPHBIX YCIOBUU, YpPE3MEpPHO, H,
CJIEZIOBATEIbHO, KOHCTAHTBI CKOPOCTH O0OBEAMHEHHBIX IEPBUYHON U BTOPUYHON pEaKIIUii
He wuMerT (Qusnyeckoro cmeicna. Ilpu Oonee BBICOKMX TemIiepaTypax OBICTPO
JOCTUTAIOTCS CTAllMOHAPHBIE YCIOBUSI, U MOT'YT OBITh MOJTY4Y€Hbl KOHCTAHThI CKOPOCTH
JUIs KOMOMHHUPOBAHHOIO Tpoliecca. Pe3yiabTaThl mokas3ajiu, 4To 0Opa3oBaHue OeH30Jia
npeoOiaaer mpu camMoM HHU3KOM wuccienyemom nasienuu (0,01 atMm), Torma kak
oOpa3oBanue ¢yabpBeHa MpeodIaaaeT mpu camoM BbicokoM naBieHuu (100 at™). I1pu
100 aTtM OTHOCHTENBbHBIM BBIXOA OcH307a craHoBUTCS Huke 30% B HHTEpBaje
temmepatyp 1250-1650 K. Ilpu nmpomMeXyTOUHBIX IaBJICHUSIX JBa KaHala MPOIYKTOB

KOHKYPHUPYIOT B 3aBUCUMOCTH OT TEMIIEPATYyPhbl, PX 3TOM O€H30J1 NPEANOYTUTENEH ITPU
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Oosiee HU3KUX TeMIlepaTypax, a (yJbBeH JIUIUpyeT npu Temmneparype okoino 1600 K.
YyuteiBas, 4To (QyIbBEH MOXKET OBITH OBICTPO MpeoOpa3oBaH B OCH30JI MOCPEACTBOM
uzomepuzaimu ¢ nomomibio H, peakius CsHs + CH; u mocnemyromnye BTOpUYHBIC
MIPOIECCHl  00ECTICUMBAIOT JITKHUH TyTh K OOpa30BaHUIO IEPBOI0 apOMaTHYECKOTO
[IECTUWICHHOTO KOJIbIIA M3 MATHWICHHOrO KOJbIla WM K BOCCTAHOBJICHHUIO
MIECTUWICHHOTO KOJIbIIA TI0CIIE TOT0, KaK OHO OBLJIO OKHMCIJICHO JI0 MATHYICHHOTO KOJIbIa
yepes CeHg + O mwmu CgHs + O,. Takum o0pa3om, HacTosIiee HCCIEIOBAHUE
MOJATBEP)KIACT TOTEHIIMAIBHO BAXHYIO POJIb METWJI-pajukajia B IIPEBpallcHUN
NATHWICHHBIX Kouell [TAY B miecTudiieHHbIE W, B Oojiee OOIeM TUIaHe, B MEXaHU3MeE
pocta IIAY, rane npucoenunenuss CH; depenyrorcst ¢ ormemieHusMu H wu
MIPUCOSIMHCHISIMH alleTHIIeHa (TIpU TeMIIepaTypax, COOTBETCTBYIOIIMX TOPEHUIO, BBIIIIC
1000 K):

CoHz + C3Hz — CsHs

CsHs + CH; —» CsH,CH3; + H

CsH,CH; — CsH,CH,/CeHgs + H

C¢H,CH, + H — CsHg + H

CeHs + H —» CgHs + H;

Ce¢Hs + CH3; —» C¢HsCH; — C¢HsCH, + H

beusnun + CoH, — uanen + H

Nunen + H — ungennn + H,

Nunenun + CHz; — 1-metmmanennn + H

1-meTnnunaeHun — 6enzodynbBeH/HadTanvy + H

benzodynseen + H — nadranun + H

[TockonmbKy Temeph JOCTYMHBI 3aBHUCAIIME OT TEMIepaTypbl M JaBICHUS
KOHCTaHTBl CKOPOCTH peaklIMii B 3TOoHM mociemoBatenbHocTd [18,198], ux MoxHO
AKCTPAIOIMPOBATh Ha AJIEMEHTAPHYIO CTaIuI0 YBEIWYeHHsI MoJekynbl [TAY uyepes
JOTIOJIHUTENHHOE MIECTUWICHHOE KOJBIIO.

Hns peaknuu CsHs + CoH7 pesynbpTaTel mokassiBaroT, yTo u3oMepsl CisHip Wl m
wwl MoryT HeMeICHHO TepsATh aToM H, HemocpeacTBeHHO 00pa3yst OeH30(]yIbpBajcH,

WJIM TIOIBEPraThCsl MHOTOCTAIUMHBIM ITpoIieccaM M3oMepu3anuu a0 otmerieHus H ¢
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oOpa3oBanneM (peHaHTpeHa, aHTpalleHa Wi OeH3oaszyseHa. CorjiacHO pacCYMTaHHBIM
KOHCTaHTaM CKOPOCTH M CTEIIEHU PAa3BETBJICHHOCTH IPOJYKTOB, ITyTH OOpPa30BaHUS
(deHaHTpeHa, MPOTEKAIOIIME 110 CHUPAHOBOMY MEXaHU3MY, TPeOYIOT HAMMEHBIIHNX
O0apbepoB M MPEANOYTUTENbHEE MTPU HU3KKUX Temneparypax (1o ~750 K). Oxnako npu
Oosee TUNMYHBIX TEMIIEpaTypax TOPCHHS, COOTBETCTBYIOIIUM JKCTPEMaIbHBIM
YCIIOBUSIM, TIPU Pa3iokeHHH W1 1 ww1 B OCHOBHOM oOpa3yercst OeH30(]yIbBajcH U3-3a
SHTPONUIHOrO (hakTopa KaHaida Mpoaykra. 3a oOpazoBaHHEM OEH30(yJIbBaJeHAa MOXKET
crnenoBath ero H-crumynupoBaHHas u3omepu3anuss B (pEHAHTPEH W, B HEOOJBIION
CTETICHW, B aHTpalleH W OEH30a3yJeHbl TIpH OYEHb BBICOKHX TeMIIepaTypax.
CnenoBatenbHO, (PEHAHTPEH MOXKET OBITH MOJYYCH PEKOMOWHAIMEH WHICHWIBLHBIX U
[IUKJIOTICHTAIUECHIILHBIX PAJUKAJIOB TI0 CICAYIOIMIEMY MEXaHU3MY, KOTOPBIH MOXKET
OBITh BKITIOUCH B KHHETHYECKUE MOJICITH

CyH; + CsHs — CiuH1» | CiuH1q (Wl/WWl) +H

C14H12 +R—> C14H11 (Wl/WWl) + RH

C14H11 (Wl/wwl) — 6ensodynbBanen + H

6enzodynbBanen + H — denantpen + H

[TockoabKy mpeamonaraercs, uto pagukaisl Ci14H1; (Wl 1 wwl) HecTaOUIbHBI TPH
TUTIMYHBIX YCIOBUSIX TOPSHHS WX JUCCOIMAIs Ha OeH3odyipBajieH + H cumrtaercs
HEen30eKHOM, a MEXaHU3M MOXKHO YIIPOCTUTH 10

CoH;+ CsHs — CuaHypo / 66H30(1)yJ'H>BaJ'IeH + 2H

Ci4Hi12 + R > RH + 6enzodynpBanen + H

oenzodymbBanen + H — denantpen + H

[TosrydeHHBIE pe3yabTaThl MOATBEPXKAAIOT TUIIOTE3y O TOM, YTO PEKOMOHWHAIIHS
JBYX T-paIuKajoB, COACPKAIINX MATHIICHHBIC IIMKJIBI, MOJKET PUBOIUTH K pocTy [TAY
c oOpa3oBaHUEM JBYX KOHJICHCHPOBAHHBIX MIECCTUYJICHHBIX ITMKJIOB, XOTS MEXaHH3M
pPEaKIIMy MOKET OBITh W HEMPSAMBIM, BKIIFOYAs JBE MOCIIEIOBATENbHBIC ITOTepH atoma H
(WM CTOJKHOBUTENBHYIO  CTAaOWJIM3AalMI0 PEKOMOMHAIMOHHOTO KOMIUIEKCa ¢
MOCTICYIONTMM OTIIEIJICHHEeM OT Hero H apyrum pajukaioMm, a 3aTeM eIle OHOU

notepeit H) ¢ oOpa3oBanmem (QyiapBalieHONOI00HOTO MPOAYKTa C TOCIETYIOMIEH
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uzomepuzanueit nocieanero B Oenzouanbsii [IAY ¢ momompio H. B To Bpems kak
peaknusi CsHs + CsHs Mmoxker 0oOpa3oBbIBaTh TOMBKO Ha(TAIMH 110 TAKOMY MEXaHU3MY,
pexkomoOuHaruss CoH; + CsHs memoHcTpupyeT siBHOE mpeArnouTeHrue oOpa3oBaHUS

(eHaHTpEeHA IO CPABHEHUIO C €r0 aHTPAIIEHOBBHIM H30MEPOM.
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3akjIlouyeHue

B nuccepranmonnoii paboTe HEOMNUPUUECKIMHU METO/IaMU KBAHTOBON MEXaHUKU
ObUIM M3ydeHbl KMHETHKAa W MexaHu3mbl peakmmii CH+SiH,/GeH,, C;H;+C3H3/CoH5,
CsHs+CH3/CyH; B skcTpeManbHbIX yCIOBUSX. B X0/1e BBIMOIHEHUS AMCCEPTAIMOHHOM
paboThI OBUTH MOTYYEHBI CIAEAYIOIINE OCHOBHBIE PE3YJIbTATHI:
1. BrnepBrie onpeneneHsl OCHOBHbIE MexaHu3Mbl peakiuit metnHa (CH) ¢ cunanom
(SiH4) u repmanom (GeHy). Paccuntanbl reoMeTpun CTPYKTYp, KOJIeOATEIbHBIC YaCTOTHI
Y DHEPI'UH PEareHToB, MPOAYKTOB, TPOMEKYTOUHBIX U IEPEXOIHBIX COCTOSIHUM PEaKInid.
Ha ocHoBe moONydyeHHBIX JTaHHBIX PACCUYUTHIBAIUCH 3HAUYCHUS (DEHOMEHOJIOTHYECKUX
KOHCTaHT CKopocTed M KO3((UIMEHTOB BETBICHHUS peakuuid meronoM Paiica-
Pamcneprepa-Kaccens-Mapkyca. bbputo mokazaHo, 4To HauOoJjiee BBITOJHBIM U3
OCHOBHBIX TMpoaykroB B peakimu CH + SiH; sBmsercs cunen (H,SICH;) ¢
oTHOCUTENbHOM 2Hepruel -213 xJx/momnb (95,77%), a 1u1st aHATOTMYHON PEaKIIMOHHON
cucrembl CH + GeH, 6b110 mokazaHo, 4To IPOIYKT ¢ Mayiol sHeprueit -255 k/{x/moib
metunrepmuiieH (HGeCHs) siBisercst Takke Hanbosee BoIToIHbIM (47,27%).
2. Pa3zpaboran mMexanusm peakimu 6ensmia (C7H;) u nponapruna (CsHs), a Takxe
paccunTaHbl KUHETHUYECKUE KOHCTaHThI MeTojioM PPKM-OKY. beuio qoka3aHo, 4To npu
HU3KUX TeMIIepaTypax npeo0aagaeT CTOJIKHOBUTENbHAS CTA0UIIN3AIIUs IBYX Ha4aIbHbIX
COCTOSTHUN OyTaJMeHWIOeH305a, NP KOTopoil koddduirent BerBieHus paseH 90%.
ITpu cpeqnux remneparypax ~1500 K HauanbHbIe KOMILUIEKCHI 3P GhEKTUBHO pa3iararoTcs
00paTHO JI0 pEareHToOB, YTO PE3KO YMEHBIIIAET MOJHYI0 KOHCTAHTY CKOPOCTH PEaKIUu,
KOTOpas 3aBUCHUT OT JiaByeHus. [Ipu nanpHelimem yBenunuenun temmneparypsl (1700-2500
K) peaknuss mnporekaeT B MPSIMOM HalpaBJIeHUH, oO0pasys OUMOJCKYJISPHbIC
MoHoLMKIM4eckue (9-97%) wu  JIBYIUMKIMYECKHE MPOAYKTHI, IPEUMYIIECTBEHHO
MeTuieHuHIaHwIbl (1-3%). Takxke ObLIO MPOBENCHO AOMOJHUTEIHLHOE MCCIIECIOBAHUE
VIS yCIOBUM 000JIOUEK 3Be3Jl aCHMITOTHYECKOM BeTBH TurantoB (p<<l Topp).

PCSYJ'II)T&TBI IIOKa3ajix, 4YTO KOHCTAHTbBI CKOPOCTH O6p3.30BaHI/IH MCTHJICHUHJAaHUJIOB

pactyr ¢ 107 cm®c? (T=2500 K) mo 10 em’c? (T=700 K) mpu ymeHbIIeHUM
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TEMIEPaTyphl, YTO YKa3bIBaeT Ha OcialjeHne CTaOUIN3allii HAYaJIbHBIX KOMIUIEKCOB
IIPH ITOHM)KCHHBIX JaBJICHUSX.

3. YTouHeH MexaHu3M peakiuu nukionentaauenwna (CsHs) m mernnma (CHg).
[Tepepacuer IIIID mnokazan, uro koddduiment serBiaenus mis CsHy,CH; Oyaer
coctaBysITh 99%. [lpu Tunuunbix ycnoBusx roperus (1000-2000 K) 6su10 o6HApY)EHO,
yT1o nipu Maibix aasiaeHusx (0,01 atm) oOpazoBaHue OEH30J1a YHEPTETUYECKH SBIISIETCS
0oJiee BBITOJIHBIM C BBIXOJIOM He Oonee 76%. C yBenmdyeHueM masienus 10 100 atm
BbIX0/1 OeH3ouna nagaer 10 10%.

4.  HoBblii MeXaHU3M peakiuu pajukanoB nukioneHTaguenuna (CsHs) u unmeHmia
(CgH7) moxkazan, uyto OeH30(YJIBBANICH HEMOCPEICTBEHHO O00pa3yeTcsl MpH OTPHIBE
BojI0poia oT n3omepoB CisHi1, a mpoaykThl BUAa (heHAHTPEH, aHTpalleH U OeH30a3yJIeH
(bopMupYIOTCS B XO/I€ MTOCIEA0BATEIbHBIX N30MEPHU3aLM OHHBIX ITpeoOpa3oBanuii CiaHa;.
Ha ocHOBe paccuuTaHHBIX KOHCTAHT CKOpPOCTEW OBLIO IMOKa3aHO, YTO OOpa3oBaHHE
dbenanTpena npu HU3KuX Temmeparypax (10 800 K) OyaeT coctaBisath 55-99%. Oqnako,
yxe npu Oonee TUnUYHBIX ychoBusax ropeHus (7=1000-2500 K) Oymer BBITOTHBIM
oOpazoBanue OeH3odynbBanieHa (95-99%) u3-3a yuera sHTponuitHOro (pakTopa MyTH

00pa3oBaHMs 3TOrO MPOYKTA.
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